Unravelling the kinematic evolution of segmented rift systems by Bubeck, Alodie
Unravelling	  the	  Kinematic	  
Evolution	  of	  Segmented	  
Rift	  Systems	  
	  
	  
	  
	  
Alodie	  Bubeck	  
	  
School	  of	  Earth	  and	  Ocean	  Sciences	  
Cardiff	  University	  
	  
	  
	  
	  
Submitted	  in	  partial	  fulfilment	  of	  the	  requirements	  for	  the	  	  
degree	  of	  
Doctor	  of	  Philosophy.	  
	  
May	  2016	  	  
	   i	  
Summary	  
Normal	   fault	   systems	   within	   incipient	   rifts	   comprise	   an	   array	   of	   small-­‐scale	   structures,	  
including	   networks	   of	   fractures	   and	   small	   displacement	   faults	   (<15	  m)	   that	   represent	   the	  
incremental	   strains	   that	   develop	   during	   rift	   propagation.	   To	   constrain	   the	   evolution	   of	  
volcanic	  rift	  systems,	  I	  investigate	  rift-­‐fault	  propagation	  and	  localisation	  at	  a	  range	  of	  scales	  
using	   laboratory-­‐based	   mechanical	   characterisation	   of	   host	   rocks,	   and	   high-­‐resolution	  
structural	   mapping	   of	   faults,	   and	   fault-­‐related	   deformation	   in	   an	   incipient	   (Koa’e	   fault	  
system,	  Hawai’i),	  and	  evolved	  (Krafla	  fissure	  swarm,	  Iceland)	  rift	  system.	  	  
Experimental	  analysis	  of	  pahoehoe	  lava	  from	  Kilauea’s	  south	  flank,	  Hawai’i,	  highlight	  
a	  distinctive	  physical	  and	  mechanical	  stratigraphy	  related	  to	  the	  volume,	  and	  geometry,	  of	  
voids	   within	   the	   lava.	   The	   resulting	   variability	   in	   intact	   strength	   produces	   the	   effect	   of	   a	  
multi-­‐layered	   sequence	   within	   a	   single	   lava,	   and	   will	   exert	   significant	   control	   on	   the	  
segmentation	  and	   linkage	  of	   initial	   cracks	   (mm-­‐scale	  or	   less)	   that	  develop.	  High-­‐resolution	  
mapping	  of	  the	  distribution,	  geometry,	  and	  kinematics	  of	  cm-­‐	  to	  km-­‐scale	  extensional	  strains	  
in	   the	   Koa’e	   fault	   system	   (Hawai’i)	   and	   the	   Krafla	   fissure	   swarm	   (Iceland)	   also	   reveals	  
evidence	  for	  segmented	  fault	  propagation,	  linkage	  and	  non-­‐coaxial	  strain.	  This	  segmentation	  
is	   a	   function	  of	   the	  varying	  natural	  mechanical	   anisotropy	  of	   the	  deforming	   sequence	  and	  
non-­‐uniform	  strain	  rates.	  
Results	   from	   the	   Koa’e	   and	   Krafla	   rifts	   are	   compared	   with	   break-­‐up	   related	  
deformation	  from	  the	  NE	  Atlantic	  margins	  to	  model	  the	  evolution	  of	  non-­‐coaxial	  fault	  sets	  at	  
the	   margin	   scale.	   Fault	   and	   intrusion	   data	   from	   the	   Faroe	   Islands	   and	   East	   Greenland	  
highlights	  geometrically	  and	  kinematically	  comparable	  structural	  sets,	  implying	  an	  analogous	  
kinematic	  evolution	  of	  inter-­‐rift	  strains.	  I	  infer	  that	  stress	  transfer	  during	  NE	  Atlantic	  opening	  
took	   place	   by	   sub-­‐basin	   scale	   ancillary	   faults	   and	   dikes,	   associated	   with	   two	   overlapping,	  
active	   rift	   systems	   in	   the	   Paleogene	   –	   a	   NE-­‐propagating	   Reykjanes	   ridge,	   and	   a	   SW-­‐
propagating	  Aegir	  ridge	  –	  rather	  than	  via	  transfer	  fault	  segmentation.	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Chapter	  1	  
	  
Introduction	  
	  
1.1 Introduction	  
The	  growth	  of	  normal	  faults	  in	  basaltic	  sequences	  has	  important	  application	  in	  continental	  and	  
oceanic	  extensional	  systems,	  on	  Earth	  as	  well	  as	  other	  planets.	  The	  growth,	  or	  termination	  of	  
normal	   fault	   systems	   has	   implications	   for	   models	   of	   extension,	   hydrocarbon	   exploration,	  
seismic	   hazard	   assessment,	   and	   mineral	   resources	   (e.g.	   Gibbs,	   1984;	   Morley	   et	   al.,	   1990;	  
Gawthorpe	  and	  Hurst,	  1993;	  Faulds	  and	  Varga,	  1998).	  Much	  of	  our	  current	  understanding	  of	  
the	  growth	  of	  normal	  fault	  populations	  comes	  from	  studies	  of	  faults	  in	  sedimentary	  sequences	  
using	   combinations	  of:	   (1)	   fault	   analysis	   and	   scaling	   relationships	  based	  on	   field	   and	   seismic	  
data-­‐derived	  measurements	  of	  displacement	  and	   length/width	   (e.g.	   Peacock	  and	  Sanderson,	  
1991;	  Childs	  et	  al.,	  1995;	  Ferrill	  and	  Morris,	  2001;	  Meyer	  et	  al.,	  2002;	  Peacock,	  2002;	  Walsh	  et	  
al.,	  2003;	  Nicol	  et	  al.,	  2010;	  Nixon	  et	  al.,	  2014);	  (2)	  scaled-­‐analogue	  modelling	  (e.g.	  McClay	  and	  
White,	   1995;	   Acocella	   et	   al.,	   1999;	   	   Clifton	   et	   al.,	   2000;	   Holland	   et	   al.,	   2006;	   Tentler	   and	  
Acocella,	  2010;	  Van	  Gent	  et	  al.,	  2010);	  and	  (3)	  numerical	  modelling	  (e.g.	  Willemse	  et	  al.,	  1996;	  
Crider	  and	  Pollard,	  1998;	  Maerten	  et	  al.,	  2002;	   Imber	  et	  al.,	  2004).	  Rift	  zone	  extension	   is	  not	  
accommodated	  by	  cumulative	  slip	  on	  a	  single,	  discrete	  fault	  surface	  throughout	  its	  evolution,	  
but	  rather	  it	  is	  partitioned	  across	  a	  segmented	  array	  of	  individual	  faults,	  dikes	  and	  extensional	  
fractures	  that	   interact	  and	  link	  with	  increasing	  strain	  (e.g.	  Forslund	  and	  Gudmundsson,	  1991;	  
Ebinger	   and	   Casey,	   2001;	   Meyer	   et	   al.,	   2002;	   Walsh	   et	   al.,	   2003;	   Imber	   et	   al.,	   2004;	  
Gudmundsson	  and	  Loeveit,	  2005;	  Wright	  et	  al.,	  2006).	  Normal	  fault	  segmentation	  can	  occur	  as	  
a	  function	  of	  the	  heterogeneous	  mechanical	  properties	  of	  the	  deforming	  sequence	  (e.g.	  Ferrill	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and	  Morris,	   2003;	   Ferrill	   and	  Morris,	   2008;	   Crider	   and	  Peacock,	   2004;	   Schöpfer	   et	   al.,	   2006;	  
Schöpfer	   et	   al.,	   2007).	   The	   linkage	   of	   segmented	   normal	   faults	   by	   either	   the	   formation	   of	   a	  
discrete	  secondary	  structure,	  or	  the	  continuation	  of	  one	  or	  multiple	  fault	  tips,	  is	  implied	  to	  be	  
an	  instantaneous	  process	  using	  a	  set	  of	  static	  stages	  where	  linkage	  follows	  immediately	  after	  a	  
single	  overlapping	  configuration	  (e.g.	  Peacock	  and	  Sanderson,	  1994;	  Childs	  et	  al.,	  1995).	  It	  has	  
been	  shown	  numerically,	  however,	  that	  superposition	  of	  stresses	  surrounding	  the	  tip	  zones	  of	  
en	   echelon	   faults	   will	   generate	   complex	   triaxial	   stress	   perturbations	   and	   progressive	  
deformation	   that	   is	   characterised	   by	   bedding	   rotations	   and	  multiple	   sets	   of	   ancillary	   faults,	  
which	   develop	   at	   high	   angles	   to	   the	  main	   bounding	   faults	   and	   transfer	   strain	   between	   the	  
bounding	   structures	   (Segall	   and	   Pollard,	   1980;	   Pollard	   and	   Aydin,	   1984;	   Crider	   and	   Pollard,	  
1998;	  Imber	  et	  al.,	  2004).	  A	  progressive	  geometric	  and	  kinematic	  evolution	  of	  strain	  should	  be	  
expected	  within	  an	  overlap	  zone,	  or	  relay	  zone,	  where	  continued	  tip	  propagation	  and	  fault	  slip	  
takes	  place	  prior	  to	  linkage.	  
Recent	   interest	   in	   normal	   faulting	   has	   focussed	   on	   their	   development	   in	   layered	  
crystalline-­‐volcaniclastic	   sequences,	   driven	   by	   the	   growing	   significance	   of	   volcanic	   passive	  
margin	   hydrocarbon	   plays	   (e.g.	   Walker	   et	   al.,	   2012,	   2013;	   Crider,	   2015).	   Volcanic	   passive	  
margins	   (VPMs),	   inherited	   from	   volcanic	   rifts,	   are	   characterised	   by	   substantial	   and	   transient	  
volcanism,	   related	   to	   elevated	  mantle	   temperatures	   that	   results	   in	   thermal	   thinning	   of	   the	  
base	   of	   the	   lithosphere	   (e.g.	   Karson	   and	   Brooks,	   1999;	   Planke	   et	   al.,	   2000;	   Geoffroy,	   2005).	  
More	  than	  50%	  of	  rifted	  passive	  margins	  are	  thought	  to	  fall	  into	  this	  category,	  including	  the	  NE	  
Atlantic	  margins	  (Self	  et	  al.,	  2015).	  Drilling	  of	  the	  NE	  Atlantic	  margins	  has	  revealed	  that	  up	  to	  
70%	   of	   the	   region	   is	   dominated	   by	   basaltic	   material	   (Planke	   et	   al.,	   1999;	   Self	   et	   al.,	   2015)	  
including	   intrusive	   and	   extrusive	   basaltic	   volcanism	   during	   Paleogene	   continental	   break	   up,	  
driven	   by	   the	   impingement	   of	   the	   Icelandic	   plume	   beneath	   the	   rifting	   Pangaean	   continent	  
(Planke	   and	   Eldholm,	   1994;	   Ritchie	   et	   al.,	   2003;	   Planke	   et	   al.,	   2000;	   Smallwood	   and	  White,	  
2002;	   Gernigon	   et	   al.,	   2012).	   The	   result	  was	   the	   emplacement	   of	   	   ~1.8	   x	   106	   km3	   of	   basalt	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between	   the	   Greenland	   and	   NE	   European	  margins,	   covering	   pre-­‐magmatic	   basin	   sediments	  
(e.g.	  Eldholm	  and	  Grue,	  1994;	  Geoffroy,	  2005).	  The	  NE-­‐SW	  trend	  of	  Cretaceous-­‐Cenozoic	   rift	  
basins	   along	   the	   European	  margin	   is	  widely	   inferred	   to	   be	   segmented	   by	   a	   series	   of	  NW-­‐SE	  
lineaments,	  identified	  from	  regional	  magnetic	  and	  gravity	  datasets	  (Rumph	  et	  al.,	  1993),	  which	  
are	   thought	   to	   represent	   pre-­‐existing	   Caledonian	   structures	   that	   were	   reactivated	   as	   large-­‐
scale	  strike	  slip	  faults	  during	  NE	  Atlantic	  opening	  (e.g	  Doré	  et	  al.,	  1997;	  Ellis	  et	  al.,	  2009).	  The	  
presence	   of	   these	   margin-­‐normal	   strike-­‐slip	   faults	   is	   believed	   to	   have	   resulted	   in	   the	  
segmentation	  of	  previously	  continuous	  basins	  along	  the	  NE	  Atlantic	  margins	  (e.g.	  Doré	  et	  al.,	  
2008).	  Recent	  analyses	  of	  transfer	  zone	  fault	  structures	  both	  onshore	  in	  the	  Faroe	  Islands	  and	  
offshore	   in	   the	   Faroe-­‐Shetland	  Basin,	   however,	   have	  questioned	   their	   origins	   and	   extent,	   as	  
well	  as	  their	  kinematics	  and	  tectono-­‐stratigraphic	  significance	  (Moy	  and	  Imber,	  2009;	  Walker,	  
2010;	  Walker	  et	  al.,	  2011).	  
To	  date,	   although	   the	   regional-­‐scale	   segmentation	  of	   faults	   in	  extensional	   systems	   is	  
well	   studied,	   the	   growth	   of	   normal	   faults	   in	   layered	   basaltic	   sequences,	   as	   well	   as	   the	  
distribution	  and	  kinematics	  of	  the	  incremental	  strains	  surrounding	  the	  tips	  of	  en	  echelon	  faults	  
is	  less	  well	  constrained	  and	  the	  contribution	  of	  these	  structures	  to	  the	  overall	  evolution	  of	  the	  
rift	   remains	  poorly	  understood.	  The	  purpose	  of	   this	  body	  of	   research	   is	   to:	   (1)	   constrain	   the	  
evolution	   of	   propagation	   and	   segmentation	   of	   normal	   faults	   in	   layered	   basaltic	   sequences	  
across	   a	   range	   of	   scales;	   and	   (2)	   investigate	   the	   progressive	   deformation	   that	   takes	   place	  
during	   the	   inelastic	   break-­‐down	   of	   inter-­‐fault	   relay	   zones	   by	   studying	   the	   distribution	   and	  
kinematics	  of	  ancillary	  strains	  surrounding	  fault	  terminations.	  
	  
1.2 Thesis	  Structure	  
A	   summary	   of	   Chapters	   2-­‐6	   are	   summarised	   below.	   	   The	   first	   data	   chapter	   (Chapter	   3)	  
introduces	  the	  smallest	  scale	  of	  observation	  and	  analysis	  in	  this	  thesis:	  initial	  crack	  nucleation	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and	  intact	  lava	  strength.	  Data	  chapters	  4	  and	  5	  follow	  a	  progressive	  up-­‐scaling	  of	  observations,	  
from	  segmentation	  and	  fault	  growth	  at	  the	  cm-­‐hundreds	  of	  metre-­‐scale	  (Chapter	  4),	  up	  to	  the	  
tens	  of	  metre	  to	  1	  km-­‐scale	  (Chapter	  5).	  Background	  sections	  in	  Chapters	  4	  and	  5	  provide	  the	  
geological	   and	   geodynamic	   context	   for	   the	  Hawaiian	   and	   Icelandic	   study	   areas,	   respectively.	  
The	  first	  half	  of	  Chapter	  6	  forms	  a	  combined	  analysis	  of	  observations	  from	  the	  Hawaiian	  and	  
Icelandic	   study	  areas	  and	  discussion	  of	   the	  different	   controls	  on	   fault	   growth	   in	   volcanic	   rift	  
zones.	   The	   second	   half	   discusses	   existing	   models	   of	   NE	   Atlantic	   opening	   in	   the	   context	   of	  
findings	   from	   this	   thesis	   and	   in	   light	   of	   recent	   onshore	   data	   collected	   from	   the	   European	  
(Faroe	  Islands)	  and	  N	  American	  (E	  Greenland)	  margins.	  
	  
Chapter	   2	   summarises	   the	   current	   body	   of	   literature	   concerning	   normal	   fault	   growth	   in	  
sedimentary	   sequences	   that	   is	   based	   on	   field-­‐based	   studies	   and	   analytical	   solutions,	   the	  
physical	   characteristics	   of	   lavas,	   and	   the	   principles	   of	   intact	   rock	   strength	   and	   linear	   elastic	  
fracture	  mechanics.	  
	  
Chapter	  3	  involves	  the	  physical	  and	  mechanical	  characterisation	  of	  lava	  samples	  from	  Kilauea’s	  
south	  flank,	  Hawai’i.	  The	  chapter	  attempts	  to	   identify	  a	  physical	  and	  mechanical	  stratigraphy	  
to	  answer	  the	  following	  thesis	  question:	  
1. Do	  faults	  initially	  develop	  as	  segmented	  structures	  in	  a	  single	  lava?	  If	  so,	  what	  are	  the	  
potential	  causes	  of	  this	  segmentation?	  
Chapter	   4	   is	   a	   structural	   study	   of	   the	   distribution,	   geometry,	   and	   kinematics	   of	   extensional	  
strains	   in	  the	  Koa’e	  fault	  system,	  Hawai’i,	  a	  zone	  of	  normal	  faulting	  that	   links	  two	  low-­‐strain,	  
evolving	  rift	  zones	  on	  the	  south	  flank	  of	  Kilauea.	  Using	  detailed	  remote-­‐sensed	  mapping,	  field-­‐
measurements,	  and	  structural	  analyses	  the	  following	  thesis	  questions	  are	  considered:	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1. What	  scales	  of	  segmentation	  are	  observed	  in	  the	  early	  stages	  of	  rift	  development?	  
2. What	  are	  the	  possible	  influences	  on	  segmentation	  at	  these	  scales	  and	  how	  important	  is	  
the	  intact	  strength	  of	  lavas	  in	  fault	  growth?	  
3. Is	  there	  evidence	  for	  progressive	  deformation	  and	  stress	  rotation,	  prior	  to	  linkage	  of	  fault	  
segments,	  or	  is	  the	  process	  instantaneous	  with	  strain	  transferred	  on	  a	  single,	  structure	  in	  a	  
coherent,	  and	  plane-­‐strain	  array?	  Do	  all	  faults	  follow	  a	  linear	  progression?	  	  
	  
Chapter	   5	   is	   a	   structural	   study	   of	   the	   distribution,	   geometry,	   and	   kinematics	   of	   extensional	  
strains	   in	   the	  Krafla	   fissure	   swarm,	  NE	   Iceland,	  one	  of	   five	   systems	  of	  normal	   faulting	  within	  
the	  Neo-­‐Volcanic	   Zone	  of	   Iceland	   that	   accommodates	   the	   separation	  of	   the	  North	  American	  
and	  Eurasian	  tectonic	  plates.	  Detailed	  field	  mapping	  and	  structural	  analysis	  of	  ancillary	  strains	  
surrounding	  the	  terminations	  of	  en	  echelon	  rift	  faults	  are	  used	  to	  discuss	  the	  following	  thesis	  
questions:	  
1. What	  scales	  of	  segmentation	  are	  observed	  in	  an	  evolved	  rift	  zone?	  
2. What	  are	  the	  possible	  influences	  on	  segmentation	  at	  these	  scales?	  
3. Is	  there	  evidence	  for	  a	  progressive	  kinematic	  development	  of	  ancillary	  deformation	  
surrounding	  en	  echelon	  faults?	  
Chapter	   6	   expands	   on,	   and	   combines,	   discussion	   sections	   in	   the	   preceding	   data	   chapters	   to	  
produce	  a	  model	  of	  normal	  fault	  growth	  in	  basaltic	  sequences	  that	  is	  focussed	  on	  the	  following	  
questions:	  
	  
1. How	  do	  normal	  fault	  populations	  grow	  in	  near-­‐surface,	  basaltic	  sequences?	  
2. What	  factors	  influence	  the	  style	  and	  distribution	  of	  faults	  in	  layered	  basaltic	  sequences?	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This	   consolidated	  discussion	  and	   fault	  model	   is	   then	  used	   to	   reassess	   segmentation	  models	  
and	  the	  tectonic	  and	  kinematic	  nature	  of	  margin-­‐oblique	   lineaments	   that	  are	   interpreted	  to	  
segment	   depocentres	   along	   the	   NE	   Atlantic	   margins.	   Comparison	   of	   field	   data	   and	   field-­‐
derived	  models	  are	   compared	   to	  published	  and	  unpublished	   structural	  data	   from	   the	  Faroe	  
Islands	  and	  Kangerlussuaq,	  E	  Greenland,	  to	  discuss	  the	  following	  thesis	  questions:	  
	  
1. Are	  patterns	  of	  segmentation	  and	  linkage	  of	  faults	  in	  layered	  basaltic	  sequences	  
consistent	  with	  margin-­‐scale	  models	  of	  segmentation	  along	  the	  NE	  Atlantic	  margins?	  
2. What	  are	  the	  possible	  tectonic	  origins	  and	  kinematics	  of	  transfer	  zone	  structures	  in	  the	  NE	  
Atlantic?	  
Chapter	   7	   Concludes	   the	   major	   findings	   of	   this	   body	   of	   research,	   and	   highlights	   areas	   of	  
interest	  for	  further	  research	  that	  have	  been	  raised	  by	  findings	  in	  this	  thesis,	  but	  were	  beyond	  
the	  scope	  of	  this	  work	  to	  answer.	  
	  
1.3 Terminology	  
Extension	   fracture	   is	   used	   in	   this	   thesis	   to	   describe	   brittle	   structures	   formed	   in	   mode	   I	  
(extension-­‐mode)	   failure,	   that	   show	  opening	  normal	   to	   the	   fracture	  walls,	  with	  no	   lateral	  or	  
vertical	   offsets	   at	   the	   centimetre-­‐metre	   scale.	   Extension	   fractures	   that	   demonstrate	   an	  
opening	   component	   in	   addition	   to	   a	   shear	   offset	   of	   the	   fracture	   walls	   are	   referred	   to	   as	  
extensional-­‐shear	   fractures	   or	   strike-­‐slip/oblique-­‐slip	   faults.	   Open	   extension	   fractures	   that	  
demonstrate	   vertical	   displacement	   (throw)	   in	   addition	   to	   significant	   horizontal	   opening	   are	  
identified	  as	  normal	  faults.	  To	  separate	  scales	  in	  this	  thesis,	  extension	  fractures	  that	  represent	  
the	  smallest	  increments	  of	  strain	  considered	  (micron	  to	  millimetre	  length	  scale)	  are	  referred	  to	  
as	  cracks;	  the	  linkage	  of	  cracks	  lead	  to	  through-­‐going	  cm-­‐scale	  extension	  fractures.	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I	   refer	   to	   composite	   fractures	   as	   extension	   fractures	   that	   are	   composed	   of	  multiple	  
segments	   that	   behave	   as	   a	   coherent	   single	   structure	   (see	   also	  Walsh	   and	  Watterson,	   1991,	  
Childs	   et	   al.,	   1995;	   Hus	   et	   al.,	   2006;	  Nicol	   et	   al.,	   2006).	   Extension	   fracture	   or	   fault	   length	   is	  
defined	  as	  the	  visible	  trace	  length	  in	  map	  view,	  and	  aperture	  refers	  to	  the	  opening	  component	  
of	  an	  extension	  fracture,	  measured	  perpendicular	  to	  its	  walls.	  Normal	  faults	  at	  the	  free	  surface	  
have	   dips	   that	   are	   sub-­‐vertical	   so	   heave	   is	   considered	   negligible	   and	   is	   therefore	   not	  
considered	  here.	  
Monoclinal-­‐folds	   and	   rotations	   of	   the	   hanging	   wall	   are	   common	   structural	   features	  
above	  upward	  propagating	  normal	   faults.	  They	  are	  classically	   referred	   to	  as	  monoclines	   (e.g.	  
Grant	  and	  Kattenhorn,	  2004;	  Martel	  and	  Langley,	  2006)	  or	  fault-­‐propagation	  folds	  (e.g.	  White	  
and	  Crider,	  2006;	  Ferrill	  et	  al.,	  2012).	  In	  this	  thesis,	  the	  term	  surface	  flexure	  is	  used	  to	  describe	  
laterally	  continuously	  or	  discontinuously	  folded,	  or	  rotated	  hanging	  wall	  blocks,	  where	  a	  single	  
genetic-­‐	  and	  systematic-­‐cause	  cannot	  be	  accurately	  determined.	  
The	   zone	   surrounding	   the	   terminations	   of	   en	   echelon	   fault	   or	   extension	   fracture	  
segments	   has	   a	   plethora	   of	   names	   with	   the	   style	   of	   strain	   transfer	   being	   the	   defining	  
characteristic.	   Confusingly,	   the	   same	   name	   is	   used	   to	   describe	   different	   styles.	   Two	   major	  
styles	  exist:	  
(1) Soft-­‐linked,	   actively	   interacting	   zones	   where	   strain	   transfer	   is	   accommodated	   in	   ductile	  
rotations	   and/or	  minor	   ancillary	   (but	   not	   connecting)	   fault	   or	   extension	   fracture	   growth.	  
Such	   zones	   have	   been	   termed	   overlap	   zones,	   relay	   zones	   (e.g.	   Peacock	   and	   Sanderson,	  
1991;	  Gawthorpe	  and	  Hurst,	  1993;	  Childs	  et	  al.,	  1995;	  Huggins	  et	  al.,	  1995),	  transfer	  zones	  
(Morley	  et	  al.,	  1990)	  or	  accommodation	  zones	  (Faulds	  and	  Varga,	  1998).	  
(2) Hard-­‐linked	   zones,	   which	   describe	   relay	   zones	   where	   a	   connecting	   fault	   has	   developed	  
between	  en	  echelon	  fault	  segments.	  The	  connecting	  fault	  can	  develop	  as	  a	  single	  discrete	  
fault,	  or	  represent	  the	  continued	  growth	  of	  one,	  or	  both	  fault	  tip(s).	  These	  zones	  are	  also	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sometimes	   referred	   to	   as	   transfer	   zones	   (Gawthorpe	   and	  Hurst,	   1993;	   Faulds	   and	  Varga,	  
1998;	  Ferrill	  and	  Morris,	  2001;	  Ellis	  et	  al.,	  2009).	  
It	  is	  not	  the	  purpose	  of	  this	  thesis	  to	  redefine	  this	  terminology,	  hence	  the	  following	  terms	  are	  
adopted	   to	   remain	   consistent	   with	   existing	   literature	   of	   	   segmentation	   in	   the	   NE	   Atlantic	  
region:	   (1)	   soft-­‐linked	   relay	   zone	  where	   evidence	   of	   strain	   transfer	   is	   inferred	   from	  multiple	  
sets	  of	  ancillary,	  obliquely	  oriented	  fracture	  and/or	  fault	  sets,	  but	  a	  single	  discrete	  structure	  is	  
absent;	  and	  (2)	  transfer	  zone,	  where	  the	  transfer	  of	  strain	  occurs	  across	  a	  single,	  discrete	  fault	  
structure	  (transfer	  zone	  fault)	  that	  shows	  strike-­‐slip-­‐to-­‐oblique-­‐slip	  kinematics.	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Chapter	  2	  
Scientific	  Background	  
	  
When	   a	   rock	   demonstrates	   a	   decreasing	   load	   bearing	   capacity	   under	   an	   increasing	   applied	  
stress,	  and	  responds	  by	  fracture	  formation,	   the	  material	   is	  said	  to	  behave	   in	  a	  brittle	  manner	  
(e.g.	   Jaeger	   et	   al.,	   2007,	   Gudmundsson,	   2011).	   Section	   2.1	   of	   this	   background	   chapter	  
summarises	   our	   current	   understanding	   of	   normal	   fault	   growth	   in	   sedimentary	   sequences.	  
Section	   2.2	   discusses	   the	   principles	   of	   rock	   fracture,	   beginning	   with	   the	   theoretical,	   and	  
experimental	   understanding	   of	   stress	   distributions	   and	  magnitude	   in	   fracture	   nucleation	   and	  
growth,	  and	  how	  these	  scale	  with	   fracture	  size.	  The	  section	  also	  covers	  our	  understanding	  of	  
fault	  and	  relay	  zone	  scaling.	  Both	  of	  these	  sections	  will	  inform	  data	  chapters	  on	  the	  formation	  
of	   extension	   fractures	   in	   subaerially	   emplaced	   basaltic	   lavas	   and	   the	   initial	   growth	   and	  
interaction	   of	   normal	   faults	   in	   layered	   basaltic	   sequences	   at	   depths	   less	   than	   4	   km.	  
Observations	  made	  will	   extend	   our	   understanding	   of	   these	   subjects,	   beyond	   the	   summaries	  
here.	  	  
2.1. Growth	  of	  Normal	  Faults	  
The	   primary,	   regional	   scale	   segmentation	   of	   extending	   terranes	   is	   controlled	   by	   the	  
development	   of	   networks	   of	   normal	   fault	   systems	   and	   the	   partitioning	   of	   extension	   across	  
them.	   It	   is	   well	   known	   that	   normal	   faults	   comprise	   multiple	   discontinuous,	   non-­‐collinear	  
segments,	  with	  overlaps	  and	  segment	  linkage	  forming	  characteristic	  en	  echelon	  geometries	  at	  
a	   range	  of	   scales	   (e.g.	   Segall	   and	  Pollard,	   1980;	  Aydin	   and	   Schultz,	   1990;	   Peacock,	   2002).	  At	  
their	   lateral	   terminations	  we	   find	   structural	   domains,	   characterised	   by	   zones	   of	   folding	   and	  
	   	   Chapter	  2	  
	   	   	   	   	  10	  
cross-­‐faults,	  which	  conserve	  regional	  extension	  (e.g.	  Gibbs,	  1984;	  Rosendahl,	  1987;	  Morley	  et	  
al.,	   1990).	   Such	   structural	   elements	   have	   a	   profound	   influence	   on	   the	   evolving	   tectono-­‐
stratigraphy	   of	   rift	   basins	   (e.g.	   Lambiase	   and	  Bosworth,	   1995;	   Sharp	   et	   al.,	   2000;	  Hus	   et	   al.,	  
2006)	  as	  well	  as	  the	  sealing	  potential	  or	  fluid	  flow	  properties	  of	  fault	  zones	  (e.g.	  Morley	  et	  al.,	  
1990;	  Caine	  et	  al.,	  1996;	  Faulkner	  et	  al.,	  2010;	  Manzocchi	  et	  al.,	  2010;	  Seebeck	  et	  al.,	  2014).	  
Two	   origins	   for	   segmented	   faults	   are	   proposed:	   an	   isolated	   fault	   model	   where	  
segments	  grow	  in	  isolation	  (Figure	  2.1ai-­‐iii),	  and	  a	  coherent	  fault	  model	  (Figure	  2.1bi-­‐iii)	  where	  
faults	  nucleate	  and	  propagate	  as	  kinematically	  related	  components	  of	  an	  array.	  In	  the	  isolated	  
model,	   faults	  are	  viewed	  as	   single	  continuous	  discontinuities	  where	  growth	   is	   fundamentally	  
controlled	  by	  a	  scaling	  relationship	  between	  length	  and	  displacement,	  producing	  longer	  faults	  
that	  exhibit	  greater	  displacements	  than	  shorter	  faults	  (e.g.	  Walsh	  and	  Watterson,	  1987;	  Cowie	  
and	  Scholz,	  1992;	  Gillespie	  et	  al.,	  2001;	  Dawers	  and	  Anders,	  1995;	  Cartwright	  et	  al.,	  1996;	  Kim	  
and	  Sanderson,	  2005).	  Profiles	  of	  length	  and	  displacement	  for	  an	  isolated	  fault	  segment	  reflect	  
cumulative	   slip	   events	   and	   show	   symmetric	   geometries	   with	   centrally	   located	  maxima	   that	  
taper	   to	   zero	   at	   the	   fault	   tips	   (e.g.	   Peacock	   and	   Sanderson,	   1991;	   Gupta	   and	   Scholz,	   2000;	  
Soliva	  and	  Benedicto,	  2004).	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Figure	  2.1. Schematic	  illustration	  of	  displacement-­‐length	  profiles	  for	  faults	  in	  a)	  an	  isolated	  fault	  model,	  
and	   b)	   a	   coherent	   fault	   model.	   In	   the	   isolated	   model,	   faults	   initiate	   as	   kinematically	   independent	  
structures	  (ai)	  and	  profiles	  demonstrate	  multiple	  displacement	  maxima	  (aii)	  until	  a	  fully	  linked	  structure	  
develops	   (aiii).	  Grey	  shading	   indicates	  areas	  of	  displacement	  deficit.	   In	   the	  coherent	  example,	  profiles	  
demonstrate	  a	  centrally	  located	  displacement	  maxima,	  with	  no	  deficits,	  throughout	  their	  evolution	  (bi-­‐
iii).	  (Modified	  from	  Walsh	  et	  al.,	  2003).	  
Field	  data	  of	   fault	   displacement	  patterns,	   however,	   have	  highlighted	  distinctive	   variations	   in	  
slip	   to	   length	   ratios	   related	   to	   interaction	   and	   linkage	   of	   en	   echelon	   fault	   segments.	   Two-­‐
dimensional	   analyses	   of	   the	   stresses	   surrounding	   en	   echelon	   faults	   and	   dikes	   support	   this	  
observation	   and	   have	   demonstrated	   that	   mechanical	   interaction	   of	   opposing	   elastic	   stress	  
fields	  produce	  areas	  of	  highly	  perturbed	  stress,	  which	  exert	  a	  significant	  control	  on	  the	  growth,	  
slip	   distribution,	   and	   geometry	   of	   faults	   (e.g.	   Segall	   and	   Pollard,	   1980;	   Delaney	   and	   Pollard,	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1981;	  Bürgmann	  and	  Pollard,	  1994;	  Nicol,	  1996;	  Crider	  and	  Pollard,	  1998).	  For	  displacement-­‐
length	  scaling	  relationships	  to	  be	  satisfied,	  significant	  strain	  must	  therefore	  be	  accommodated	  
in	   the	   inter-­‐fault	   region	   of	   perturbed	   stress	   through	   components	   of	   continuous	   (i.e.	   elastic)	  
and	  discontinuous	  (i.e.	  brittle)	  deformation	  (e.g.	  Dawers	  and	  Anders,	  1995;	  Childs	  et	  al.,	  1995;	  
Huggins	  et	  al.,	  1995;	  Ferrill	  and	  Morris,	  2001;	  Walsh	  et	  al.,	  2003;	  Long	  and	  Imber,	  2010).	  	  
As	  an	  alternative	  to	  the	  isolated	  model	  (Figure	  2.1b,	  i-­‐iii),	  the	  coherent	  fault	  model	  was	  
proposed	  where	  fault	  segments	  represent	  co-­‐evolving,	  or	  geometrically	  coherent,	  components	  
of	   an	   array	   that	   are	   offset	   by	   soft-­‐,	   or	   hard-­‐linked	   domain	   boundaries	   and	   demonstrate	  
systematic	  geometries	  throughout	  their	  evolution	  and	  across	  a	  range	  of	  scales	   (e.g.	  Childs	  et	  
al.,	  1995;	  Walsh	  et	  al.,	  2003;	  Long,	  2011).	  Faults	  that	   initiate	  as	  a	  coherent	  array	  will	  share	  a	  
finite	   displacement	   distribution,	   i.e.	   the	   aggregate	   sum	   of	   displacement	   is	   systematic	   and	  
resembles	   that	   of	   an	   isolated	   structure	   throughout	   their	   evolution,	   rather	   than	   exhibiting	  
multiple	  displacement	  minima	  (e.g.	  Childs	  et	  al.,	  1995;	  Walsh	  et	  al.,	  2003).	  This	  is	  referred	  to	  as	  
kinematic	   coherence.	   The	   fundamental	   difference	  between	   the	   two	  models	   is	   the	   kinematic	  
independence	  of	  isolated	  faults,	  but	  in	  essence,	  both	  models	  may	  be	  applicable	  under	  differing	  
circumstances	  (Walsh	  et	  al.,	  2003).	  
In	   both	  models,	   the	   presence	   of	   crustal	   heterogeneities	   are	   a	   critical	   component	   in	  
fault	  evolution,	  with	  nucleation	  taking	  place	  along	  pre-­‐existing	  discontinuities	  such	  as	  joints,	  or	  
reactivation	  of	  pre-­‐existing	  faults,	  both	  of	  which	  represent	  areas	  of	  low	  strength	  compared	  to	  
intact	  rock.	  Fault	  evolution	  is	  summarised	  as	  a	  staged	  evolution:	  
	  
Stage	  I:	  
Faults	   initiate	  as	  offset	  and	  spatially	   (and/or	  kinematically)	   isolated	  segments	  and	  propagate	  
radially	   with	   slip	   decreasing	   to	   zero	   at	   the	   fault	   tips,	   producing	   symmetrical	   displacement	  
profiles	   (Ferrill	   et	   al.,	   1999;	   Gupta	   and	   Scholz,	   2000;	   Figure	   2.2a).	   Scaling	   relationships	   are	  
thought	   to	   be	   exponential	   during	   this	   stage	   with	   extensional	   strain	   taken	   up	   by	   a	   growing	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population	  of	  smaller	  displacement	  faults	  that	  are	  isolated	  (Ackermann	  et	  al.,	  2001).	  It	  has	  also	  
been	   proposed	   that	   fault	   lengths	  may	   be	   established	   instantaneously	   by	   the	   reactivation	   of	  
pre-­‐existing	   structures	   where	   subsequent	   interaction	   restricts	   further	   lateral	   propagation	  
(Walsh	  et	  al.,	   2002).	   It	   is	  unclear,	  however,	  how	   the	  model	  applies	   to	  non-­‐reactivated	   faults	  
and	   such	   systems	   may	   instead	   follow	   the	   isolated	   or	   coherent	   model	   (Walsh	   et	   al.,	   2002,	  
2003).	  	  
Stage	  II:	  
As	   faults	  grow	   in	   length	  and	  displacement	  accumulates,	   fault	  segments	  begin	   to	  overlap	  and	  
relay	  zones	  begin	  to	  form	  with	  the	  mechanical	  interaction	  and	  modification	  of	  opposing	  elastic	  
stress	   fields	   (Figure	   2.2b).	   Depending	   on	   the	   degree	   of	   overlap,	   lateral	   propagation	   can	   be	  
inhibited	  when	   faults	  propagate	   into	   the	  stress	  drop	  region	  surrounding	  neighbouring	   faults,	  
leading	   to	   displacement	   anomalies	   and	   asymmetrical	   displacement	   profiles	   (e.g.	   Segall	   and	  
Pollard,	   1980;	   Peacock	   and	   Sanderson,	   1991;	   Mansfield	   and	   Cartwright,	   1996;	   Nicol	   et	   al.,	  
1996;	  Gupta	  and	  Scholz,	  2000;	  Soliva	  and	  Benedicto,	  2004).	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Figure	  2.2. Evolution	   of	   an	   isolated	   normal	   fault	   array.	   (a)	   Nucleation	   of	   fault	   segments.	   (b)	  
Displacement	   and	   length	   of	   segments	   increases.	   (c)	   Segment	   tips	   approach	   one	   another	   and	  
interference	  of	  their	  opposing	  stress	  fields	  begins	  to	  inhibit	  further	   lengthening.	  (d)	  A	  linking	  structure	  
connects	   the	   fault	   segments	   and	   produces	   a	   fault	   step,	   with	   a	   new	   centrally	   located	   displacement	  
maxima	  (modified	  from	  Peacock	  and	  Sanderson,	  1991	  and	  Gupta	  and	  Scholz,	  2000).	  
At	   this	   stage,	   interacting	   tips	   are	   effectively	   locked	   and	   displacement	   accumulates	   without	  
radial	   propagation,	   and	   maxima	   are	   no	   longer	   centrally	   located,	   but	   migrate	   towards	   the	  
restricted	   tip	   and	   relay	   zone.	   Such	   anomalous	   slip	   gradients	   are	   therefore	   interpreted	   as	   a	  
strong	   indication	  of	   fault	   interaction.	   For	   a	   coherent	   fault	   array,	   individual	  profiles	  of	   length	  
and	   displacement	  may	   be	   asymmetrical	   but	   aggregate	   profiles	   resemble	   that	   of	   an	   isolated	  
structure	  (e.g.	  Peacock	  and	  Sanderson,	  1991;	  Bürgmann	  and	  Pollard,	  1994;	  Walsh	  et	  al.,	  2003).	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Stage	  III:	  
With	  persistent	  tip	  inhibition	  but	  continued	  displacement	  on	  the	  bounding	  faults	  (Figure	  2.2c),	  
accommodation	  of	  the	  differential	  strains	  is	  initially	  accommodated	  in	  progressive	  continuous	  
rotations	  and	  secondary	  inelastic	  deformation	  in	  the	  deforming	  relay	  zone	  between	  bounding	  
segments	  (e.g.	  Peacock	  and	  Sanderson,	  1994;	  Childs	  et	  al.,	  1995;	  Cartwright	  et	  al.,	  1996;	  Ferrill	  
et	  al.,	  1999;	  Imber	  et	  al.,	  2004;	  Long	  and	  Imber,	  2010).	  The	  development	  of	  such	  zones	  obey	  
power-­‐law	  scaling	  and	  have	  been	  observed	  across	  8	  orders	  of	  magnitude,	   implying	  that	   they	  
are	   a	   scale	   invariant	   product	   that	   forms	   during	   the	   growth	   of	   segmented	   brittle	   structures	  
(Peacock,	  2003;	  Long	  and	  Imber,	  2011).	  
Stage	  IV:	  
Eventually,	   hard	   linkage	   and	   coalescence	   of	   the	   two	   fault	   segments	   takes	   place	   with	   the	  
formation	  of	  either	  an	  oblique	  transfer	  fault	  in	  the	  relay	  zone,	  or	  continued	  propagation	  of	  one	  
or	  both	  bounding	  faults,	  along	  modified	  trajectories,	  forming	  tip-­‐to-­‐plane	  linkage(s)	  (e.g.	  Childs	  
et	   al.,	   1995;	   Ferrill	   et	   al.,	   1999;	   Peacock,	   2002;	   Hus	   et	   al.,	   2006;	   Figure	   2.2d).	   Scaling	  
relationships	  are	  thought	  to	  become	  exponential	  during	  this	  stage,	  as	  mechanical	   interaction	  
and	   coalescence	  of	   existing	   faults	   is	   favoured	  over	   the	   formation	  of	  new	   faults	   and	   strain	   is	  
eventually	  localised	  and	  released	  by	  repeated	  slip	  on	  a	  small	  number	  of	  major	  structures	  in	  the	  
fault	   system	   (Ackerman	   et	   al.,	   1997,	   2001;	   Cowie,	   1998).	   Linkage	   with	   connecting	   faults	  
preserves	  the	  abandoned	  fault	  tip	  and	  relay	  zone	  in	  the	  footwall	  (or	  hanging	  wall)	  of	  the	  fully	  
linked,	  composite	  fault	  (Ferrill	  et	  al.,	  1999;	  Imber	  et	  al.,	  2004).	  
	  
In	   models	   for	   normal	   fault	   system	   evolution,	   segmentation	   is	   a	   characteristic	   feature	   at	   a	  
variety	  of	  scales,	  and	  this	  is	  widely	  documented	  from	  studies	  in	  a	  variety	  of	  settings	  and	  host	  
rock	   lithologies	   from	   the	  m-­‐scale	   (e.g.	   Peacock	   and	   Sanderson,	   1991;	   Acocella	   et	   al.,	   2000;	  
Grant	   and	   Kattenhorn,	   2004;	   Tentler,	   2005;	  Martel	   and	   Langley,	   2006)	   to	   the	   km-­‐scale	   (e.g.	  
Nelson	  et	  al.,	  1992;	  Gawthorpe	  and	  Hurst,	  1993;	  Trudgill	  and	  Cartwright,	  1994;	  Morewood	  and	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Roberts,	  2000;	  Manighetti	  et	  al.,	  2004),	  and	  up	  to	  crustal	  scales	  (e.g.	  Pollard	  and	  Aydin,	  1984;	  
Macdonald	  et	  al.,	   1987;	  Morley	  et	  al.,	   1990;	  Hayward	  and	  Ebinger,	  1996;	  Ferrill	   et	  al.,	   1999;	  
Peacock	  et	  al.,	  2000).	  The	  scale	  invariant	  presence	  of	  relay	  zones	  suggests	  they	  are	  important	  
and	   fundamental	   products	   of	   fault	   population	   development	   across	   all	   scales	   and	   provide	  
evidence	  for	  a	  process	  of	  segment	  linkage,	  rather	  than	  radial	  (lateral	  and	  vertical)	  propagation.	  
2.1.1. Observations	  From	  Field-­‐Based	  Studies	  of	  Segmented	  Faults	  	  
	  
Discontinuous	   normal	   faults	   commonly	   terminate	   in	   relay	   zones,	   which	   are	   responsible	   for	  
facilitating	  the	  lateral	  termination	  of	  normal	  fault	  systems	  and	  conserving	  regional	  extensional	  
strain	  (Morley	  et	  al.,	  1990;	  Faulds	  and	  Varga,	  1998).	  Relay	  zones	  are	  known	  by	  various	  names	  
including,	  accommodation	  zones,	  transfer	  zones,	  interference	  zones,	  overlap	  zones,	  step-­‐over	  
zones,	   and	   segment	   boundaries	   (Stewart	   and	   Hancock,	   1991;	   Gawthorpe	   and	   Hurst,	   1993;	  
Childs	  et	  al.,	  2005;	  Faulds	  and	  Varga,	  1998;	  Morewood	  and	  Roberts	  2000	  and	  Peacock,	  2002).	  
The	   range	   of	   terminology	   is	   confusing	   but	   definitions	   are	   broadly	   similar,	  with	   the	  mode	   of	  
strain	  transfer	  representing	  the	  fundamental	  difference	  between	  them.	  This	  strain	  transfer	  can	  
take	  place	  in	  one	  of	  two	  ways	  (e.g.	  Childs	  et	  al.,	  1995;	  Acocella	  et	  al.,	  2005):	  
1) Hard	  linkage	  (Figure	  2.3a):	  transfer	  along	  subvertical,	  strike-­‐slip	  or	  oblique-­‐slip	  transfer	  
faults	  that	  link	  the	  adjacent	  bounding	  faults.	  	  
2) Soft	   linkage	   (Figure	   2.3b):	   transfer	   across	   broad	   areas	   of	   ductile	   strain	   between	   two	  
normal	   faults,	   with	   no	   connection	   in	   2D.	   Most	   commonly	   referred	   to	   as	   an	  
accommodation	  zone.	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Figure	  2.3. Two	  forms	  of	  strain	  transfer	  between	  en	  echelon	  fault	  segments	  in	  extensional	  settings:	  (a)	  
a	  hard	  linked	  relay	  zone	  with	  strain	  transferred	  across	  a	  discrete	  transfer	  fault	  and	  (b)	  soft	  linkage	  and	  
rotation	  across	  a	  relay	  ramp	  (from	  Gawthorpe	  and	  Hurst,	  1993).	  
2.1.1.1. Soft-­‐Linked	  Relay	  Zones	  
Soft-­‐linked	   relay	   zones	   are	   typically	   described	   using	   the	   dip	   directions	   of	   adjacent	   faults	   on	  
either	  side	  of	  the	  domain	  and	  the	  degree	  of	  overstep	  (separation	  normal	  to	  the	  fault	  strike),	  
and	  overlap	  (separation	  parallel	  to	  the	  strike	  of	  fault	  segments)	  between	  them.	  The	  zones	  may	  
trend	   parallel,	   oblique	   or	   normal	   to	   the	   regionally	   applied	   extension	   direction	   and	   result	   in	  
complex	  bed	  reorientations	  and	  ancillary	  brittle	  deformation.	  Based	  on	  these	  characteristics,	  
the	   following	   types	   of	   soft-­‐linked	   relay	   zones	   are	   identified	   (e.g.	   Morley	   et	   al.,	   1990;	  
Gawthorpe	  and	  Hurst,	  1993;	  Childs	  et	  al.,	  1995;	  Faulds	  and	  Varga,	  1998;	  Peacock,	  2002):	  
	  
1) Antithetic	   (divergent)	   soft-­‐linked	   (accommodation)	   zones,	   where	   linkage	   occurs	   on	  
overlapping	  normal	  faults	  that	  dip	  in	  opposite	  directions.	  This	  configuration	  is	  dominant	  in	  
developing	   rifts,	   such	   as	   the	   East	  African	  Rift,	   but	   less	   prevalent	   in	   regions	  of	   distributed	  
continental	  extension	  (e.g.,	  the	  highly	  extended	  Basin	  and	  Range	  Province,	  North	  America).	  
Common	   features	   include	   inter-­‐basin	   ridges	   or	   footwall	   highs	   where	   fault	   dip	   polarity	  
changes.	   Their	   geometry	   is	   strongly	   influenced	   by	   the	   degree	   of	   overlap	   and	   overstep	  
affecting	   the	   faults,	   with	   inter-­‐fault	   highs	   developing	   where	   the	   along-­‐strike	   overlap	   is	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minor topographic changes and are characterised by minor 
en echelon steps, bends or branches in the fault zone (e.g. 
Machette et al. 1991). These relationships are clearly 
displayed by the 35 km long Salt Lake City segment of the 
Wasatch fault zone (Fig. 7b) which is composed of a number  
of minor fault segments between 3 and 12 km in length 
(Bruhn et al. 1987). Within one major normal faulting 
earthquake, several fault segments separated by intrabasin 
transfer zones may be ruptured, for example the surface 
ruptures associated with the 1915 Pleasant Valley 
earthquake, Nevada, USA (Wallace 1984; dePolo et al. 
1991; Fig. 13). 
Field observations and seismic interpretation indicate a 
variety of structural geometries associated with these 
intrabasin transfer zones, of which two main end members 
can be identified: (i) transfer faults and (ii) relay ramps (Fig. 
11). Between these two end-members,  intrabasin transfer 
zones commonly consist of a zone of en echelon faults 
dissecting a relay ramp. Observations suggest that 
intrabasin transfer zones are predominantly synthetic in 
geometry and that antithetic relationships between adjacent 
fault segments are rare. 
a 
.... !iiiiiii i I¸ ¸
b 
horizontal scale 
Fig. 11. Diagrammatic representation of the main types of 
intrabasin transfer zone. (a) Transfer fault. (b) Relay ramp. 
Compare the scale of these intrabasin transfer zones with the 
interbasin transfer zones in Fig. 2. Vertical scale is greatly 
exaggerated. 
Trans fer  f a u l t  
Intrabasin transfer faults link two or more normal faults, 
commonly creating an angular bend in the fault zone. In 
detail, transfer faults have a strike-slip component of 
deformation and are composed of anastomosing fault 
strands and minor fault-bend folds which may be 
transpressional or transtensional depending on the relative 
orientations of the transfer zone and extension direction. 
These small-scale structures are well displayed by the 
oblique-slip Baba transfer fault in the central dip domain of 
the Gulf of Suez (Gawthorpe et al. 1990; Fig. 12). This type 
of transfer geometry is uncommon in neotectonic settings, 
but surface breaks from the 1959 Hebgen Lake earthquake 
(Montana, USA) provide a possible example of a transfer 
fault (the Kirkwood fault), linking the main NW-SE-  
trending Hebgen and Red Canyon fault scarps (Fraser et al. 
1964). Evidence from the Wasatch fault zone suggests that 
transfer faults, unlike relay ramps, are not associated with 
marked changes in structural relief of either the hanging 
wall or footwall (e.g. Machette et al. 1991). 
In general the same relatively steep fault angle is 
maintained throughout the transfer zone and several 
adjacent transfer zones of this type give the overall fault 
zone a curvilinear appearance in plan view. Transfer faults 
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Fig. 12. The Baba transfer fault from the Abu Zenima area, central 
dip province, Gulf of Suez (after Gawthorpe et al. 1990) (see Fig. 6 
for location). This fault links the Gamal fault, whose footwall is 
composed of Precambrian basement, with the fault zone developed 
along the coast. The Baba transfer fault consists of a series of 
anastomosing fault strands, thrusts and folds, and separates mainly 
pre-rift sediment to the north from Quaternary alluvial fan and 
braid plain deposits to the south. Alluvial fans are sourced from the 
branch points along the transfer fault and where there are marked 
changes in pre-rift lithology. 
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minor topographic changes and are characterised by minor 
en echelon steps, bends or branches in the fault zone (e.g. 
Machette et al. 1991). These relationships are clearly 
displayed by the 35 km long Salt Lake City segment of the 
Wasatch fault zone (Fig. 7b) which is composed of a number  
of minor fault segments between 3 and 12 km in length 
(Bruhn et al. 1987). Within one major normal faulting 
earthquake, several fault segments separated by intrabasin 
transfer zones may be ruptured, for example the surface 
ruptures associated with the 1915 Pleasant Valley 
earthquake, Nevada, USA (Wallace 1984; dePolo et al. 
1991; Fig. 13). 
Field observations and seismic interpretation indicate a 
variety of structural geometries associated with these 
intrabasin transfer zones, of which two main end members 
can be identified: (i) transfer faults and (ii) relay ramps (Fig. 
11). Between these two end-members,  intrabasin transfer 
zones commonly consist of a zone of en echelon faults 
dissecting a relay ramp. Observations suggest that 
intrabasin t r zones are predo inantly synthetic in 
ge etry and that antithetic relationships between adjacent 
fault segme ts are rare. 
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Fig. 11. Diagrammatic representation of the main types of 
intrabasin transfer zone. (a) Transfer fault. (b) Relay ramp. 
Compare the scale of these intrabasin transfer zones with the 
interbasin transfer zones in Fig. 2. Vertical scale is greatly 
exaggerated. 
Trans fer  f a u l t  
Intrabasin transfer faults link two or more normal faults, 
commonly creating an angular bend in the fault zone. In 
detail, transfer faults have a strike-slip component of 
deformation and are composed of anastomosing fault 
strands and minor fault-bend folds which may be 
transpressional or transtensional depending on the relative 
orientations of the transfer zone and extension direction. 
These small-scale structures are well displayed by the 
oblique-slip Baba transfer fault in the central dip domain of 
the Gulf of Suez (Gawthorpe et al. 1990; Fig. 12). This type 
of transfer geometry is uncommon in neotectonic settings, 
but surface breaks from the 1959 Hebgen Lake earthquake 
(Montana, USA) provide a possible example of a transfer 
fault (the Kirkwood fault), linking the main NW-SE-  
trending Hebgen and Red Canyon fault scarps (Fraser et al. 
1964). Evidence from the Wasatch fault zone suggests that 
transfer faults, unlike relay ramps, are not associated with 
marked changes in structural relief of either the hanging 
wall or footwall (e.g. Machette et al. 1991). 
In general the same relatively steep fault angle is 
maintained throughout the transfer zone and several 
adjacent transfer zones of this type give the overall fault 
zone a curvilinear appearance in plan view. Transfer faults 
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~ Quaternary 
alluvial plain !~] Thebes Fm. D Basement 
Abu Alaqa Gp. I ~  Esna Shale ~ syncline 
Nukhul Fm. ~ Cretaceous clastics ~ anticline 
and carbonates 
Abu Z enima Fm. ~ Nubian Sandstone " ~  fault 
Fig. 12. The Baba transfer fault from the Abu Zenima area, central 
dip province, Gulf of Suez (after Gawthorpe et al. 1990) (see Fig. 6 
for location). This fault links the Gamal fault, whose footwall is 
composed of Precambrian basement, with the fault zone developed 
along the coast. The Baba transfer fault consists of a series of 
anastomosing fault strands, thrusts and folds, and separates mainly 
pre-rift sediment to the north from Quaternary alluvial fan and 
braid plain deposits to the south. Alluvial fans are sourced from the 
branch points along the transfer fault and where there are marked 
changes in pre-rift lithology. 
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relatively	  large	  and	  the	  overstep	  is	  small,	  compared	  to	  their	  length.	  Further	  subdivision	  can	  
also	   be	   made	   based	   on	   the	   degree	   of	   overlap	   between	   adjacent	   faults	   and	   the	   overall	  
orientation	   of	   the	   zone	   with	   respect	   to	   the	   regional	   extension	   vector	   (Figure	   2.4:	  
transverse,	  oblique	  and	  strike-­‐parallel).	  	  
	  
Figure	  2.4. Division	   of	   antithetic	   soft-­‐linked	   relay	   (accommodation)	   zones	   based	   on	   fault	   dip	   polarity	  
and	  degree	  of	  overlap	  between	  interfering	  segments	  (from	  Faulds	  and	  Varga,	  1998).	  
2) Synthetic	   (convergent)	   soft-­‐linked	   (accommodation)	   zones,	   where	   linkage	   takes	   place	   on	  
overlapping,	   normal	   fault	   segments	   that	   dip	   in	   the	   same	   direction.	   Synthetic	  
accommodation	  zones	  tend	  to	  be	  dominant	  in	  regions	  of	  distributed	  continental	  extension	  
(Faulds	   and	   Varga,	   1998).	   Subdivisions	   based	   on	   the	   degree	   of	   overlap	   and	   the	   overall	  
orientation	  of	  the	  zone	  with	  respect	  to	  the	  regional	  extension	  vector	  applied	  to	  antithetic	  
zones,	  may	  also	  be	  applied	  to	  synthetic	  zones	  (Figure	  2.5):	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Figure	   2.5	   Division	   of	   synthetic	  
accommodation	   zones	   based	   on	   fault	   dip	  
polarity	  and	  degree	  of	  overlap	  between	  faults	  
(from	  Faulds	  and	  Varga,	  1998).	  
	  
	  
Strike-­‐slip	  faulting	  in	  soft-­‐linked	  relay	  zones	  is	  uncommon,	  with	  strain	  transfer	  more	  commonly	  
accommodated	  by	   folding	  and	  ancillary	   fault	  development	   rather	   than	  across	  an	   intervening	  
discrete	  fault.	  	  
	  
2.1.1.2. Transfer	  Zones	  
An	   alternative	   method	   for	   the	   preservation	   of	   extensional	   strain	   across	   adjacent	   faults,	   or	  
basins,	  is	  the	  development	  of	  discrete	  transfer	  faults	  that	  strike	  at	  high	  angles	  to	  the	  bounding	  
structures	   and	   show	   strike-­‐slip	   or	   oblique-­‐slip	   components	   of	   displacement	   that	   are	  
approximately	   parallel	   to	   the	   extension	   direction	   (e.g.	   Gibbs,	   1984;	   Gawthorpe	   and	   Hurst,	  
1993;	  Child	  et	  al.,	  1995;	  Faulds	  and	  Varga,	  1998;	  Hus	  et	  al.,	  2006).	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Figure	  2.6.	  Schematic	  representations	  of	  hard-­‐linked	  relay	  zones	  and	  subdivisions	  thereof	  (from	  Faulds	  
and	  Varga,	  1998).	  
Two	  types	  of	  hard-­‐linked	  zone	  are	  typically	  recognised,	  based	  on	  the	  dip	  polarity	  of	  the	  fault	  
systems	  they	  connect	  (Faulds	  and	  Varga,	  1998):	  
1) Antithetic	  transfer	  zones,	  where	  bounding	  faults	  dip	  in	  opposite	  directions.	  
2) Synthetic	   transfer	   zones,	   involving	   uniformly	   dipping	   bounding	   faults;	   these	   are	  
observed	  more	  commonly	  than	  antithetic	  examples.	  
Each	  of	  these	  may	  be	  further	  subdivided	  based	  on	  the	  relative	  motion	  between	  fault	  domains	  
on	  either	  side	  of	  the	  transfer	  zone	  (dextral	  or	  sinistral:	  Figure	  2.6)	  and	  the	  orientation	  of	  the	  
transfer	   zone,	   which	   may	   induce	   releasing	   (localised	   extension)	   or	   restraining	   (localised	  
contraction	  or	  transpression)	  bends.	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Soft-­‐linked	  relay	  zones	  are	  widely	  documented	  in	  many	  extensional	  settings,	  including	  the	  East	  
Africa	   Rift	   (EAR)	   and	   Iceland,	   (e.g.	   Nelson	   et	   al.,	   1992;	   Acocella	   et	   al.,	   2000;	   Grant	   and	  
Kattenhorn,	   2004)	   whereas	   hard-­‐linked	   relay	   zones	   and	   transfer	   faults	   are	  more	   commonly	  
identified	  in	  wider	  rift	  zones	  (e.g.	  the	  North	  Sea,	  Basin	  and	  Range	  province)	  and	  passive	  margin	  
settings	  (Acocella	  et	  al.,	  2005).	  The	  transition	  from	  soft	  to	  hard	  linkage	  has	  been	  proposed	  to	  
be	  a	  function	  of	  the	  total	  extension	  across	  the	  system;	  at	  values	  <21%	  soft-­‐linked	  relay	  zones	  
are	  believed	  to	  dominate	  and	  >21%	  hard-­‐linkage	  along	  high-­‐angle	  strike-­‐	  to	  oblique-­‐slip	  faults	  
will	  take	  over	  	  (Trudgill	  and	  Cartwright,	  1994;	  Acocella	  et	  al.,	  2005).	  Alternatively,	  the	  mode	  of	  
strain	  transfer	  may	  be	  related	  to	  brittle-­‐ductile	  coupling	  of	  the	  upper	  and	  lower	  crust;	  for	  low	  
viscosities	   in	  the	   lower	  crust,	  strain	  has	  been	  shown	  to	   localise	  quickly	  on	  transfer	  structures	  
and	   for	   higher	   viscosities	   deformation	   becomes	   more	   distributed	   and	   soft-­‐linked	   relays	  
dominate	   (Allken	   et	   al.,	   2012).	  Notably,	   analogue	  models	   of	   transfer	   zone	   evolution	   suggest	  
that	   they	   do	   not	   always	   reactivate	   pre-­‐existing	   structures	   nor	   represent	   the	   final	   stage	   of	  
accommodation	   zone	   evolution;	   localised	   transfer	   faults	   can	   develop	   near-­‐instantaneously	  
(Gerya,	  2012).	  
In	   nature,	   examples	   of	   relay	   zones	   (soft-­‐	   and	   hard-­‐linked)	   can	   be	   complex	  
combinations	  of	  the	  examples	  above.	  Studies	  in	  the	  East	  African	  Rift	  have	  revealed	  that	  minor	  
faulting	   in	   soft-­‐linked	   relay	   zones	   result	   in	   triaxial	   strains	   and	   play	   an	   important	   role	   in	   the	  
regional	  conservation	  of	  strain	  (Griffiths,	  1980;	  Morley,	  1990;	  Nelson	  et	  al.,	  1992).	  Groupings	  
of	  short,	  usually	  curved	  faults	  that	  intersect	  the	  major	  faults	  at	  oblique	  angles	  have	  previously	  
been	  termed	  “box	   faults”	   (Griffiths,	  1980).	  Similar	  triaxial	   strains	  have	  also	  been	  observed	   in	  
other	   extending	   regions	   including:	   Canyonlands,	  Utah	   (Trudgill	   and	  Cartwright,	   1994),	   in	   the	  
Gulf	  of	  Corinth	   (Stewart	  and	  Hancock,	  1991),	   in	   the	  Hold	  With	  Hope	  region	  of	  NE	  Greenland	  
(Peacock	  et	  al.,	  2000)	  and	  the	  central	  Apennines	  (Morewood	  and	  Roberts,	  2000).	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2.1.2. Rock	  Fracture	  
A	   discussion	   of	   scaling	   of	   faults	   in	   this	   section	   will	   begin	   with	   a	   summary	   of	   the	   different	  
fracture	   modes	   (which	   are	   ubiquitous	   in	   developing	   rift	   zones,	   across	   all	   scales),	   the	  
fundamental	  principles	  behind	  their	  growth	  and	  the	  scaling	  of	  stress	  and	  resultant	  strains.	  
2.1.2.1. Modes	  of	  fracturing	  
A	  fracture	  may	  be	  classified	  by	  one	  of	  three	  modes,	  depending	  on	  the	  relative	  displacement	  of	  
the	  fracture	  walls	  (e.g.	  Atkinson,	  1987;	  Engelder,	  1993;	  Figure	  2.7):	  
1) Mode	  I:	  extension	  or	  opening	  mode,	  where	  fracture	  walls	  are	  separated	  without	  shear	  (e.g.	  
extension	  veins).	  
2) Mode	   II:	   sliding	   mode	   (in-­‐plane	   shear),	   where	   fracture	   walls	   are	   separated	   by	   mutual	  
shearing	  of	  the	  fracture	  walls	  and	  the	  shear	  couple	  is	  oriented	  normal	  to	  the	  fracture	  front.	  
3) Mode	  III:	  tearing	  mode	  (anti-­‐plane	  shear),	  where	  fracture	  walls	  are	  subject	  to	  a	  shear	  couple	  
oriented	  parallel	  to	  the	  fracture	  front.	  Mode	  II/III	  displacements	  should	  operate	  in	  unison	  at	  
different	  positions	  along	  the	  same	  tip	  line	  (Figure	  2.7).	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Figure	   2.7.	   Schematic	   modes	   of	   fracture	   and	   propagation	   pathway,	   classified	   by	   the	   relative	  
displacement	  of	  fracture	  walls	  (after	  Pollard	  and	  Fletcher,	  2005).	  
The	  maximum	   load	   a	   rock	   will	   accommodate	   before	   failure	   depends	   on	   the	   strength	   of	   the	  
rock,	  defined	  in	  terms	  of	  the	  stress	  state	  the	  rock	  experiences	  is	  known	  as	  the	  brittle	  strength.	  
This	  can	  be	  defined	  in	  two	  ways:	  
1) Tensile	  strength	  (T):	  the	  tensile	  stress	  in	  a	  rock	  where	  a	  fracture	  nucleates.	  T	  	  
represents	   the	   critical	   tensile	   stress	   required	   to	   form	   a	   mode	   I	   crack,	   where	   the	   shear	  
stress	  is	  zero.	  
2) Shear	  strength	  or	  Cohesion	  (C):	  the	  shear	  stress	  in	  a	  rock	  where	  a	  shear	  	  
fracture,	   or	   fault,	   develops.	   C	   represents	   the	   critical	   shear	   stress	   across	   a	   surface	  where	  
the	  normal	  stress	  is	  zero	  (see	  Figure	  2.8).	  Mohr-­‐Coulomb	  Criterion	  states	  that	  C	  is	  typically	  
twice	  the	  tensile	  strength	  (C	  =	  2T).	  	  
	  
	  
The	  stress	  conditions	  for	  a	  rock	  at	  failure	  can	  be	  calculated	  using	  the	  Coulomb	  failure	  criterion:	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Equation	  2.1:	  
	   	   	   	   	   	   𝜏 =   𝜎!  𝑡𝑎𝑛𝜙	  	  
Where:	  𝜏	  is	   the	   critical	   shear	   stress	   at	   failure,	  𝜎!	  is	   the	   normal	   stress,	  𝜙	  is	   angle	   of	   internal	   friction	  
(𝑡𝑎𝑛𝜙	  =	  𝜇	  which	  is	  the	  coefficient	  of	  internal	  friction).	  For	  most	  solid	  rocks,	  𝜇	  is	  a	  simplified	  to	  a	  
constant	  that	  varies	   from	  0.6-­‐0.85,	  but	  more	  typically	   is	  0.75	  (e.g.	  Sibson,	  1994).	  For	   in	   intact	  
rock,	   a	   fracture	   will	   only	   develop	   when	   the	   internal,	   cohesive	   strength	   of	   the	   material	   is	  
overcome.	   Brittle	   failure	   may	   therefore	   be	   described	   by	   a	   modified	   Coulomb	   criterion:	   the	  
Mohr-­‐Coulomb	  fracture	  criterion	  (Figure	  2.8a	  and	  b).	  
Equation	  2.2:	   𝜏 = 𝐶 +   𝜎!  𝑡𝑎𝑛𝜙 = 𝐶 +   𝜎!𝜇	  
The	  response	  of	  a	  rock	  to	  an	  applied	  stress	  also	  depends	  on	  the	  differential	  stress,	  or	  maximum	  
stress	  difference	  a	   rock	   can	  accommodate	  before	   failure	  occurs,	   and	   the	  mean	   stress	   (Figure	  
2.8a).	   A	   rock	   experiencing	   a	   large	   differential	   stress	   will	   be	   unable	   to	   accommodate	   such	   a	  
stress	  and	  will	  respond	  by	  deforming	  in	  either	  a	  brittle	  or	  ductile	  manner	  (e.g.	  Engelder,	  1993).	  
The	   strength	   of	   the	   material	   is	   therefore	   largely	   responsible	   for	   dictating	   how	   great	   a	  
differential	   stress	   the	   rock	  will	   accommodate	   before	   failure;	   this	   is	   in	   turn	   controlled	   by	   the	  
strain	   rate,	   confining	   pressure	   and/or	   pore	   fluid	   pressure.	   At	   low	   strain	   rates,	   ductile	  
deformation	   is	   dominant;	   higher	   strain	   rates	   will	   typically	   result	   in	   brittle	   failure.	   With	  
increasing	   confining	   pressures,	   rock	   strength	   will	   increase	   due	   to	   the	   difficulty	   in	   opening	  
fractures	  at	  depth	  –	  the	  surrounding	  material	  effectively	  confines	  the	  rock	  (e.g.	  Fossen,	  2010).	  
At	  greater	  depths,	  therefore,	  larger	  differential	  stresses	  are	  required	  to	  cause	  failure.	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Figure	   2.8.	   	   a)	  Mohr-­‐Coulomb	   failure	   in	  a	   compressional	   setting	   (after	  Fossen,	  2010).	  A	  Mohr	  circle	   is	  
drawn	   through	   the	  maximum	   (σ1)	   and	  minimum	   (σ3)	   compressive	   stresses,	   the	   diameter	   of	   which	   is	  
equal	  to	  the	  differential	  stress.	  With	  Initiation	  of	  a	  shear	  fracture	  oriented	  at	  ~60°	  from	  σ1	  we	  can	  find	  
the	  shear	  stress	  and	  normal	  stress	  acting	  on	  that	  plane	  at	  failure	  (red	  star).	  b)	  Mohr	  diagram	  illustrating	  
the	   effects	   of	   increasing	   or	   decreasing	   fluid	   pressure	   on	   the	   fracture	   stability	   of	   rocks	   (after	   Healy,	  
2009).	  c)	  Resolved	  components	  of	  effective	  and	  normal	  shear	  stress	  acting	  on	  a	  fracture	  (after	  Sibson,	  
1994).	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The	  effect	  of	  increasing	  the	  confining	  pressure	  can	  be	  counteracted	  by	  the	  pressure	  exerted	  by	  
pore	  fluids	  present	  in	  the	  rock	  mass	  (Figure	  2.8b),	  which	  have	  the	  effect	  of	  lowering	  the	  normal	  
stress	  by	  an	  amount	  that	  is	  equal	  to	  the	  fluid	  pressure	  (e.g.	  Hubbert	  and	  Rubey,	  1959;	  Sibson,	  
1990;	  Sibson,	  1994).	  This	  is	  know	  as	  the	  effective	  normal	  stress	  (σN’):	  
Equation	  2.3:	   𝝈𝑵′ =   𝝈𝑵   −   𝑷𝒇	  
Where	   σN	   is	   the	   normal	   stress	   and	   Pf	   is	   the	   pore	   fluid	   pressure	   (Figure	   2.8c).	   The	   fracture	  
criterion	  (Equation	  2.2)	  describes	  the	  critical	  stress	  condition	  at	  which	  failure	  occurs;	  this	  may	  
be	  visualised	  and	  interpreted	  using	  a	  Mohr	  diagram,	  which	  is	  used	  to	  plot	  the	  field	  of	  possible	  
shear	   stress	   for	   a	   given	   differential	   stress,	   with	   respect	   to	   the	   failure	   criterion.	   The	   point	   at	  
which	  a	  Mohr	  circle	  touches	  the	  failure	  envelope,	  represents	  the	  orientation	  at	  which	  a	  fracture	  
will	  form,	  and	  the	  value	  of	  shear	  stress	  and	  normal	  stress	  acting	  on	  the	  plane	  at	  failure	  (Figure	  
2.8	  and	  2.9).	  A	  Mohr	  circle	  that	  does	  not	  touch	  the	  failure	  envelope	  for	  homogenous	  intact	  rock	  
is	   considered	   to	   be	   in	   a	   stable	   stress	   state.	   The	   orientation	   of	   the	   fracture	   from	   σ1	   can	   be	  
described	  using	  the	  angle	  of	  internal	  friction	  (𝜙)	  (e.g.	  Fossen,	  2010):	  
Equation	  2.4:	   𝜃 = 90° +   𝜙	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Figure	  2.9.	  A	  Mohr	  diagram	  of	  shear	  stress	  (τ)	  against	  effective	  normal	  stress	  (σN)	  showing	  the	  composite	  
failure	   envelope	   for	   intact	   rock	   and	   the	   re-­‐shear	   condition	   for	   reactivation	   of	   a	   cohesionless	   fracture	  
(after	   Ferrill	   and	  Morris,	   2003).	   a)	   The	   critical	   stress	   circle	   for	   extensional	   failure	   (mode	   I);	   b)	   critical	  
stress	  circle	  for	  extensional-­‐shear	  failure	  (mode	  II/III);	  c)	  critical	  stress	  circle	  for	  shear	  failure	  (mode	  II/III);	  
and	  d)	  critical	  stress	  circle	  for	  reactivation	  of	  a	  favourably	  oriented	  pre-­‐existing	  fracture	  (mode	  II/III).	  
To	   characterise	   the	   range	   of	   stress	   states	   we	   find	   in	   the	   crust,	   the	   three	   different	   fracture	  
modes	  and	  re-­‐shear	  of	  a	  pre-­‐existing	  fracture	  (Figure	  2.9)	  are	  considered	  (e.g.	  Jaeger	  and	  Cook,	  
1979;	  Sibson,	  1985;	  Ferrill	  and	  Morris,	  2003;	  Sibson,	  2004):	  
	  
a) Extensional	  failure	  (Figure	  2.9a):	  Displacement	  occurs	  across	  planes	  that	  lie	  normal	  to	  the	  
minimum	  compressive	   stress	   (σ3)	  where	   the	  effective	  normal	   stress	   is	   <0	   (i.e.	   tensile)	   at	  
failure.	   Opening	   occurs	   at	   low	   differential	   stresses	   (less	   than	   four	   times	   the	   tensile	  
strength:	  σ1	  -­‐	  σ3	  =	  <4T),	  and	  fractures	  will	  develop	  when	  σ3’	  equals	  the	  tensile	  strength.	  
b) Extensional-­‐shear	   failure	   (Figure	   2.9b):	   Displacement	   involves	   opening	   oblique	   to	   the	  
fracture	  plane,	  where	   the	  effective	  normal	   stress	   is	   <0.	   Failure	  angles	  will	   lie	  between	  0	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and	   the	   angle	   predicted	   by	   Equation	   2.4	   with	   faults	   forming	   an	   acute	   angle	   about	   the	  
maximum	  principal	  stress	  axis	  (σ1).	  
c) Compressional-­‐shear	   failure	   (Figure	   2.9c):	   Displacement	   occurs	   parallel	   to	   the	   fracture	  
walls	  where	   the	  effective	  normal	   stress	   is	   >0.	   The	   failure	   angle	   is	   predicted	  by	   Equation	  
2.4;	  typically,	  normal	  faults	  dip	  about	  60°	  from	  horizontal;	  ~30°	  for	  thrust	  faults.	  
d) Shear	   reactivation	   (Figure	   2.9d):	   Frictional	   reactivation	   of	   optimally	   oriented	   existing	  
(cohesionless)	   fractures	   requires	   much	   lower	   differential	   stresses.	   Sibson	   (1985)	   shows	  
that	  the	  optimal	  orientation	  for	   frictional	  reactivation	   is	  ~30°	   for	   frictional	  coefficients	  of	  
0.75.	  For	  reactivation	  of	  steeper	  fractures,	  effective	  normal	  stresses	  must	  still	  be	  greater	  
than	  zero	  and	  differential	  stresses	  must	  decrease	  progressively	  with	  increasing	  steepness.	  
	  
2.1.2.2. Theoretical	  Fracture	  Development	  in	  Intact	  Materials	  
Laboratory	   testing	   of	   the	   tensile	   and	   shear	   strength	   of	   solid	   materials	   have	   shown	   that	   the	  
measured	   strength	  of	   rocks	   is	   consistently	   lower	   (<1%)	   than	   the	   theoretical	   strengths,	  which	  
are	  typically	  in	  the	  range	  1-­‐10	  GPa,	  or	  ~10%	  of	  the	  Young’s	  modulus	  (Gudmundsson,	  2011).	  The	  
differences	  between	  observed	  and	   theoretical	   strengths	  of	   rocks	  are	  considered	   to	   represent	  
the	  presence	  of	  microcracks,	  or	  Griffith	  flaw,	  which	  are	  elliptical	  flaws	  or	  fine	  cracks,	  that	  may	  
result	   in	   local	   tensile	   stress	   concentrations	   that	   reduce	   the	   required	  driving	   stress	   for	   failure	  
(Blenkinsop,	   2000;	   Gudmundsson,	   2011).	   A	   rock-­‐crack	   system	   includes	   the	   following	   internal	  
components:	  a	  crack,	  with	  length	  2c,	  and	  the	  intact	  solid	  host	  rock,	  characterised	  by	  its	  elastic	  
properties	  (Young’s	  Modulus	  and	  Poisson’s	  Ratio).	  Applying	  a	  stress	  to	  this	  system	  involves	  the	  
conversion	  of	  an	  external	  force	  into	  potential	  strain	  energy.	  If	  the	  stress	  is	  removed,	  potential	  
energy	  is	  released	  and	  results	  in	  the	  formation	  of	  new	  surfaces	  (Figure	  2.10)	  that	  have	  a	  higher	  
energy	   state	   than	   the	   surrounding	   intact	   material	   (e.g.	   Fischer-­‐Cripps,	   2007).	   The	   energy	  
release	   associated	   with	   the	   work	   done	   in	   removing	   tractions	   provides	   the	   surface	   energy	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required	  for	  incremental	  propagation;	  a	  crack	  will	  not	  grow	  until	  the	  energy	  released	  equals	  the	  
surface	  energy	  requirement,	  and	  the	  amount	  of	  energy	  released	  is	  a	  linear	  function	  of	  the	  crack	  
length	  (e.g.	  Engelder,	  1993;	  Blenkinsop,	  2000;	  Gueguen	  et	  al.,	  2004).	  
	  
Figure	  2.10.	  Example	  of	  a	  crack	  in	  a	  linear	  elastic	  solid,	  under	  a	  uniformly	  applied	  tensile	  stress.	  The	  crack	  
has	  a	  unit	  width	  and	  a	  unit	  length	  (2c)	  with	  mechanical	  energy	  released	  across	  an	  area	  of	  approximately	  
c.	   The	   amount	   of	   energy	   released	   is	   a	   linear	   function	   of	   the	   crack	   length	   (image	   from	   Fischer-­‐Cripps,	  
2007).	  
At	   a	   critical	   length,	  more	  mechanical	   energy	   is	   released	   than	   is	   needed	   for	   the	  new	   surfaces	  
and	  crack	  growth	  accelerates,	  becoming	  unstable	  and	  ultimately	  resulting	  in	  failure	  (e.g.	  Lawn,	  
1993;	   Fischer-­‐Cripps,	   2007).	   The	   critical	   stress	   at	   which	   unstable	   crack	   growth	   occurs	   (e.g.	  
Engelder,	  1993;	  Blenkinsop,	  2000;	  Dresen	  and	  Gueguen,	  2004)	  becomes:	  
Equation	  2.5:	  
𝜎! =    2  𝛾  𝐸𝜋  𝑐  (1 − 𝜐!)	  
	  
Where:	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E	  is	  the	  Young’s	  Modulus	  
	  a	  is	  the	  half	  crack	  length	  
	  ν	  is	  the	  Poisson’s	  ratio	  
γ	  is	  the	  surface	  energy	  per	  unit	  area.	  	  
	  
Critical	  stress	  is	  therefore	  a	  function	  of	  the	  length	  of	  the	  crack,	  the	  Poisson’s	  ratio,	  and	  Young’s	  
Modulus,	  or	  elastic	  modulus.	  Poisson’s	   ratio	   is	  defined	  as	   the	  dimensionless	  negative	   ratio	  of	  
transverse	  strain	  to	  axial	  strain,	  with	  values	  typically	  in	  the	  range	  of	  0-­‐0.5	  (e.g.	  Jaeger	  and	  Cook,	  
2007).	  Young’s	  modulus	  defines	  the	  ratio	  of	  applied	  stress	   (force	  per	  unit	  area)	   to	  strain	   (e.g.	  
Jaeger	  and	  Cook,	  2007).	   To	  characterise	   the	   stability	  of	  a	   crack,	   in	   terms	  of	  energy,	   solutions	  
based	   on	   linear	   elastic	   fracture	   mechanics	   (LEFM)	   are	   used.	   The	   basic	   elements	   of	   these	  
solutions	   are	   as	   follows	   (e.g.	   Krantz,	   1979;	   Pollard	   et	   al.,	   1982;	   Ingraffea,	   1989;	   Thomas	   and	  
Pollard,	  1993):	  
	  
1) A	   stress	   intensity	   factor	   (K),	   which	   provides	   an	   estimate	   of	   the	   magnitude	   of	   stresses	  
acting	  on	  a	  crack	   tip,	  and	  determines	  whether	   these	  stresses	  will	   result	   in	   crack	  growth.	  
Based	  on	  linear	  elastic	  assumptions,	  the	  analysis	  is	  valid	  while	  any	  zone	  of	  non-­‐linear	  strain	  
is	  small	  relative	  to	  crack	  geometry	  (e.g.	  Atkinson,	  1987;	  Blenkinsop,	  2000).	  Stress	  intensity	  
factors	   for	   each	   of	   the	   three	   modes	   of	   fracture	   (i.e	   mode	   I/II/III)	   becomes	   (e.g.	  
Gudmundsson,	  2011):	  
Equation	  2.6:	   𝐾! =   𝜎!!   𝜋𝑐	  𝐾!! =   𝜎!"  𝐿   𝜋𝑐	  𝐾!!! =   𝜎!"  𝐿     𝜋𝑐	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Where	  σyy	  is	  the	  applied	  tensile	  stress,	  σxy/	  σyz	  is	  the	  applied	  shear	  stress,	  and	  c	  is	  the	  crack	  
half-­‐length.	  For	  a	  linear	  elastic	  material	  undergoing	  plane	  strain	  (no	  shape	  change	  in	  the	  y-­‐
axis),	  stress	   intensity	   factors	  are	  controlled	  by	  the	  applied	  stress	  and	  the	  crack	  geometry	  
only.	  According	  to	  LEFM,	  when	  K	  exceeds	  a	  critical	  value	  (KC),	  a	  crack	  will	  propagate.	  
	  
2) In	   addition	   to	   a	   material	   strength	   and	   stress	   intensity	   factor,	   a	   material	   is	   also	  
characterised	   by	   an	   intrinsic	   property	   known	   as	   fracture	   toughness	   (Kic:	   equivalent	   to	  
critical	   stress	   intensity,	   KC,	   and	   theoretically	   proportional	   to	   fracture	   energy,	   G),	   which	  
represents	   the	   characteristics	   of	   the	   host	   and	   defines	   the	   largest	   flaw	   that	   will	   be	  
accommodated	  before	  failure.	  Fracture	  toughness	  provides	  an	  estimate	  of	  the	  resistance	  a	  
material	  demonstrates	  to	  the	  breaking	  of	  atomic	  bonds	  during	  crack	  growth	  	  (Sih,	  1976).	  A	  
crack	  will	  propagate	  in	  a	  plane	  normal	  to	  the	  minimum	  compressive	  stress	  when	  the	  stress	  
intensity	  factor	  exceeds	  the	  fracture	  toughness	  of	  the	  intact	  rock	  (KI/II/III	  >	  Kic).	  	  
	  
3) Cracks	  will	  propagate	  in	  a	  direction	  that	  maximises	  the	  energy	  release	  rate.	  LEFM	  models	  
assume	  elastic	   behaviour	   so	   additional	   energy	   is	   necessary	   to	  propagate	   a	   crack	   tip	   and	  
cause	   breakdown	   of	   the	   atomic	   bonds	   at	   the	   tip	   in	   a	   local	   zone	   of	   non-­‐linear,	   inelastic	  
deformation	   (e.g.	   Blenkinsop,	   2000).	   The	   additional	   energy	   is	   referred	   to	   as	   the	   crack	  
extension	   force	   (G),	   or	   strain	   energy	   release	   rate	   (rate	   with	   respect	   to	   length),	   and	   is	  
uniquely	   determined	   by	   the	   instantaneous	   elastic	   stress	   field	   surrounding	   the	   tip.	   The	  
fracture	  energy,	  G,	  provides	  an	  estimate	  of	  the	  energy	  available	  for	  an	  increment	  of	  crack	  
growth	   and	   is	   proportional	   to	   (KC)2	   (e.g.	  Atkinson,	   1987;	   Cowie	   and	   Scholz,	   1992;	   Rubin,	  
1995).	  For	  each	  fracture	  mode,	  and	  assuming	  linear	  elasticity	  and	  plane	  strain	  conditions,	  
G	  becomes	  (Atkinson,	  1987):	  
Equation	  2.7.	  	   𝐺! =   𝐾!!  (1 −   𝑃!)/𝐸	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𝐺!! =   𝐾!!!   (1 −   𝑃!)/𝐸	  𝐺!!! =   𝐾!!!!   (1 −   𝑃!)/𝐸  	  
	  
Where	   (1	   -­‐	  P2)	   is	   the	  plane	  stress	   factor.	  Experimental	  studies	  have	  shown	  that	  G	   is	  only	  
constant	  when	   the	   applied	   stress	   and	   length	   of	   the	   fracture	   are	   constant;	   in	   nature	  G	  varies	  
with	   the	   frictional	   resistance	   of	   natural	   surfaces	   and	   increases	   with	   fault	   length	   and	  
displacement	   (Cowie	   and	   Scholz,	   1992).	   Crack	   propagation	   is	   predicted	   when	   G	   exceeds	   a	  
critical	  value	  (Gc),	  related	  to	  the	  surface	  energy	  in	  the	  rock	  (e.g.	  Krantz,	  1979;	  Engelder,	  1993;	  
Rubin,	   1993).	   Crack	   initiation	   and	   propagation	   is	   therefore	   predicted	   when	   the	   following	  
criteria	  are	  met	  (e.g.	  Wang	  and	  Shrive,	  1999):	  
1) The	   local	   tensile	   stresses	   exceed	   the	   fracture	   toughness/tensile	   strength	   of	   the	  
surrounding	  intact	  material.	  
2) The	  energy	  released	  during	  each	  increment	  of	  growth	  is	  at	  least	  as	  much	  required	  for	  that	  
increment.	  
	  
LEFM	   models	   are	   typically	   applied	   to	   brittle	   failure	   under	   uniaxial	   tension	   with	  
assumptions	  based	  on	  plane	  stress	  conditions	  in	  linear	  elastic	  host	  materials	  where	  the	  zone	  of	  
inelastic	   deformation	   is	   small	   compared	   to	   the	   crack	   length.	   Brittle	   failure	   of	   rock	   under	  
compression	   however	   is	   significantly	   more	   complex	   than	   failure	   in	   tension.	   At	   increasing	  
confining	   pressures,	   extension	   mode	   (I)	   fracturing	   is	   increasingly	   suppressed	   in	   favour	   of	  
extensional	  or	  compressional	  shear	  fracturing	  (mode	  II/III),	  which	  are	  in	  turn	  controlled	  by	  the	  
coefficient	   of	   friction	   across	   those	   fracture	   surfaces.	   Consequently,	   rocks	   are	   significantly	  
stronger	   in	   compression	   (by	   a	   factor	   of	   ~10)	   than	   in	   tension	   (e.g.	  Gueguen	   et	   al.,	   2004).	   For	  
anisotropic	   materials,	   crack	   or	   pore	   geometry	   exerts	   a	   strong	   control	   on	   the	   distribution	   of	  
stresses	  and	  therefore,	  on	  the	  mechanical	  response	  of	  the	  host	  rock	  to	  an	  applied	  stress,	  even	  
at	   low	   total	   porosities	   (e.g.	   Jaeger	   et	   al.,	   2007).	   Failure	   in	   these	   rocks	   occurs	   through	   the	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nucleation	   and	   linkage	   of	   cracks	   that	   are	   initially	   localised	   by	   the	   presence	   of	   pre-­‐existing	  
“Griffith”	   flaws,	   acting	  as	   stress	   concentrators,	  which	   lowers	   the	  applied	   stresses	   required	   to	  
induce	   failure.	   Purely	   elastic	   models	   are	   unable	   to	   predict	   crack	   initiation,	   with	   models	  
assuming	  cracks	  are	  single,	  sharp	  structures	  where	  stresses	  at	  the	  tip	  are	  infinite	  and	  strengths	  
are	  near	   zero.	   In	   reality,	   the	   response	  of	   a	  material	   to	   the	   stresses	   in	   this	   tip	   region	   is	  more	  
complex	   as	   a	   result	   of	   the	   (non-­‐zero)	   mechanical	   properties	   of	   the	   host	   material	   (e.g.	   the	  
tensile	   strength).	   This	  produces	  a	   complex	   “process”	   zone	  where	   stresses	  become	  non-­‐linear	  
and	   the	   breakdown	   of	   bonds	   results	   in	   the	   formation	   of	   microcracks	   (e.g.	   Atkinson,	   1987;	  
Ingraffea,	  1989;	  White	  and	  Crider,	  2006).	  	  The	  size	  of	  the	  process	  zone	  (ry)	  is	  given	  by	  (Gueguen	  
et	  al.,	  2004):	  
Equation	  2.8:	  	  
𝑟! =    𝐾!2  𝜋  𝜎𝑦!	  
Where	  σy	  is	  the	  plastic	  yield	  stress	  across	  the	  zone	  (assumed	  to	  be	  equal	  to	  the	  applied	  stress).	  	  
	  
Figure	  2.11	   (ai	   and	  aii)	   shows	   the	  stress	  components	  at	   the	   tip	  of	  a	  crack	   for	  a	   linear	  
elastic	  medium.	  Stresses	  are	  proportional	  to	  r	  -­‐	  1/2,	  where	  r	  is	  the	  distance,	  in	  polar	  coordinates,	  
measured	  from	  the	  crack:	  
Equation	  2.9:	  	     𝑟 =    (𝑥! +   𝑦!)	  	  
Remote	   stresses	   are	   locally	   amplified	   at	   pores	   or	   cracks,	   with	   amplification	   decreasing	   with	  
distance	  (d)	  from	  the	  edge,	  or	  tip	  (Figure	  2.11b).	  The	  size	  and	  geometry	  of	  the	  process	  zone	  is	  a	  
function	  of	  the	  stress	  intensity	  factor	  at	  the	  tip	  (Figure	  2.11ci-­‐iii),	  and	  therefore	  the	  size	  of	  the	  
crack,	   and	   the	   applied	   stress	   (Cowie	   and	   Scholz,	   1992).	   Numerical	   studies	   of	   earthquake	  
ruptures	   have	   demonstrated	   that	   the	   distance	   at	   which	   tip	   stresses	   decay	   to	   approximately	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10%	  of	   the	   regionally	   applied	   stress	   is	   ~10-­‐15%	  of	   the	   total	   fault	   length	   (Cowie	   and	   Shipton,	  
1998).	  
	  
	  
Figure	  2.11.	  Stress	  conditions	  surrounding	  the	  tip	  of	  a	  crack:	  a)	  Stress	  contours	  highlight	  the	  distance	  (d)	  
over	  which	  local	  stress	  perturbations	  result	  in	  incremental	  extension;	  and	  b)	  amplified	  stresses	  decrease	  
from	   a	  maximum	   value	   at	   the	   crack	   tip	   with	   distance	   (d).	   In	   a	   perfectly	   elastic	   host,	   tip	   stresses	   are	  
infinite.	  In	  nature	  they	  are	  finite,	  and	  do	  not	  exceed	  the	  fracture	  toughness	  of	  the	  host.	  
The	   propagation	   of	   a	   macroscopic	   fracture	   will	   occur	   through	   the	   linkage	   of	   smaller	   scale,	  
ancillary	  cracks	   that	  develop	   in	   this	   inelastic	  process	   zone	  as	   the	   rock	   is	   subject	   to	   increasing	  
load,	  rather	  than	  the	  simple	  in-­‐plane	  propagation	  of	  a	  single	  surface	  (e.g.	  Reches	  and	  Lockner,	  
1994;	  Vermilye	  and	  Scholz,	  1998;	  Healy	  et	  al.,	  2006;	  Blenkinsop,	  2008).	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2.1.3. Scaling	  of	  Fault	  Populations	  
Models	  based	  on	  linear	  elastic	  fracture	  mechanics	  (LEFM)	  assume	  that	  the	  deforming	  volume	  
is	  perfectly	  elastic	  and	  hence,	  predict	   that	   fault	  displacement	  will	  be	  greatest	  at	   the	  fault	   tip	  
where	   stresses	   are	   predicted	   to	   be	   infinite	   (e.g	   Cowie	   and	   Scholz,	   1992).	   In	   nature,	   the	  
strength	  of	   the	  host	  material,	  which	   is	   finite,	   prevents	   this	   and	  a	  process	   zone	   (Figure	  2.11)	  
develops	  at	  the	  tip	  where	  peak	  stress	  is	  equal	  to	  the	  shear	  strength	  of	  the	  host	  material	  (e.g.	  
Cowie	  and	  Scholz,	  1992;	  Cowie	  and	  Shipton,	  1998;	  Gupta	  and	  Scholz,	  2000).	  This	  correlation	  is	  
used	   to	   investigate	   the	   relationship	  between	   fault	   trace	   length	  and	  maximum	  displacement,	  
which	  is	  used	  as	  a	  description	  of	  the	  size	  and	  frequency	  relationships	  for	  fault	  populations	  (e.g.	  
Cowie,	  1998;	  Walsh	  et	  al.,	  2002;	  McCaffrey	  et	  al.,	  2003;	  Kim	  and	  Sanderson,	  2005).	  This	  scaling	  
relationship	  is	  thought	  to	  follow:	   𝐷 = 𝑐  𝐿!	  
Where	  c	  is	  a	  constant	  
And	  n	  is	  between	  1-­‐2.0	  
Regardless	   of	   the	   value	   of	   n,	   it	   is	   expected	   that	   it	   reflects	   a	   growth	   process	   where	   faults	  
increase	  in	  size	  as	  a	  result	  of	  progressive	  and	  systematic	  increases	  in	  maximum	  displacement	  
and	   length	   (e.g.	   Walsh	   and	   Watterson,	   1987;	   Walsh	   et	   al.,	   2002).	   For	   isolated	   faults,	  
displacement	   is	  predicted	   to	  vary	   from	  a	  maximum	   in	   the	  centre	  of	   the	   fault,	   to	   zero	  at	   the	  
lateral	  tipline	  loop;	  within	  this	  loop,	  displacement	  contours	  plot	  as	  concentric	  ellipses	  around	  a	  
maximum	  displacement	   point,	   resulting	   in	   a	   linear	   profile	   (e.g.	  Muraoka	   and	   Kamata,	   1983;	  
Walsh	  and	  Watterson,	  1987;	  Cowie	  and	  Scholz,	  1992).	  	  
For	   many	   fault	   populations,	   there	   is	   significant	   scatter	   in	   plots	   of	   maximum	  
displacement	  to	  length	  (Figure	  2.12)	  and	  displacement-­‐length	  plots	  for	  en	  echelon	  faults	  show	  
lower	  ratios	  and	  non-­‐linear	  profiles	  where	  faults	  show	  high	  displacement	  gradients	  at	  their	  tips	  
(e.g.	  Peacock	  and	  Sanderson,	  1991;	  Willemse	  et	  al.,	  1997).	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Figure	  2.12.	  Plot	  of	  maximum	  displacement	  and	  fault	  trace	  length	  for	  a	  selection	  of	  normal	  faults,	  thrust	  
faults	   and	   strike-­‐slip	   faults	   in	   sandstone	   (SS),	   limestone	   (LS)	   and	   shale	   (SH).	   For	   a	   given	   length	   scale,	  
maximum	  displacement	  values	  can	  vary	  by	  2-­‐3	  orders	  of	  magnitude.	  From	  Kim	  and	  Sanderson,	  2005.	  
	  
Ratios	  of	   displacement-­‐length,	   and	  displacement-­‐length	  profiles	   are	   strongly	   affected	  by	   the	  
(1)	  sampling	  techniques;	  (2)	  reactivation	  of	  pre-­‐existing	  structures;	  (3)	  local	  stress	  distributions	  
associated	  with	  fault	  interaction;	  (4)	  inelastic	  deformation,	  variations	  in	  frictional	  strength;	  and	  
(5)	  material	  properties	  of	  the	  host	  material	   (e.g.	  Peacock	  and	  Sanderson,	  1991;	  Burgmann	  et	  
al.,	  1994;	  Willemse	  et	  al.,	  1996;	  Gupta	  and	  Scholz,	  2000;	  Peacock,	  2002;	  Kim	  and	  Sanderson,	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2005;	  Nicol	  et	  al.,	  2010).	  The	  use	  of	  	  isolated	  fault	  populations	  can	  greatly	  improve	  how	  robust	  
these	  datasets	  are	  (e.g.	  Schultz	  et	  al.,	  2013).	  
	   Size	  populations	  of	  faults	  are	  most	  commonly	  described	  using	  power-­‐law	  distributions	  
where	   faults	   show	   self-­‐similar,	   or	   fractal,	   size	   scaling	   (e.g.	  Gillespie	   et	   al.,	   1993;	  Nicol	   et	   al.,	  
1996).	  On	  a	  log-­‐log	  graph,	  power-­‐law	  distributions	  will	  plot	  as	  straight	  lines	  when:	  𝑁   ∝ 𝑆!!	  
Where	  
N	  is	  the	  number	  of	  faults	  with	  sizes	  greater	  than,	  or	  equal	  to,	  S	  
D	  is	  the	  power-­‐law	  exponent,	  which	  can	  vary	  from	  0.4-­‐1.0	  (Nicol	  et	  al.,	  1996).	  	  
For	   fault	   populations	   that	   fit	   a	   power-­‐law	   distribution,	   the	   initial	   stages	   of	   growth	   are	  
characterised	   by	   strain	   accumulation	   on	   an	   increasing	   number	   of	   small	   faults	   (e.g.	   Cowie,	  
1998).	   Growth	   and	   coalescence	   of	   existing	   faults	   progressively	   dominates	   the	   formation	   of	  
new	  faults	  until	  strain	  is	  accommodated	  by	  repeated	  slip	  on	  a	  smaller	  number	  of	  faults	  or	  fault	  
zones	  (e.g.	  Cowie,	  1998).	  
	   Characterisation	   of	   fault	   systems	   has	   also	   highlight	   non-­‐fractal,	   exponential	   and	  
dynamic	   displacement-­‐length	   scaling	   patterns	   in	   both	   oceanic	   (e.g.	   Cowie,	   1998)	   and	  
continental	  rift	  zones	  (e.g.	  Gupta	  and	  Scholz,	  2000b;	  Soliva	  and	  Benedicto,	  2005).	  Such	  scaling	  
distributions	   have	   been	   linked	   to	   vertical	   restriction	   (e.g.	   Soliva	   and	   Benedico,	   2005),	   scale-­‐
dependent	  processes	  or	  controls	  (e.g.	  Nicol	  et	  al.,	  1996).	   It	  has	  also	  been	  proposed	  that	  such	  
scaling	  can	  reflect	  a	  temporary	  departure	  from	  linear	  scaling	  due	  to	  segment	   interaction	  and	  
linkage	   (Cartwright	   et	   al.,	   1995).	   Alternatively,	   it	   has	   been	   suggested	   that	   fault	   populations	  
may	  be	  power-­‐law,	  but	  with	  a	  wider	  range	  of	  temporally	  variable	  C	  values	  and	  spatial	  densities	  
at	  different	  scales	  (Nicol	  et	  al.,	  1996).	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2.1.4. 2D	  Analytical	  Modelling	  
Analogue	  modelling	   provides	   a	   good	   estimation	   of	   overlapping	   fault	   geometries	   but	   generally	  
depict	   soft-­‐linkage	   or	   the	   instantaneous	   development	   of	   a	   hard	   linkage.	   In	   nature	   it	   has	   been	  
noted	   that	   relay	   zone	   breaching	   is	   not	   an	   instantaneous	   process	   (Imber	   et	   al.,	   2004)	   and	   the	  
differential	   strain	   between	   overlapping	   fault	   segments	   is	   not	   necessarily	   accommodated	   on	   a	  
single	  structural	  set	  but	  rather	  through	  a	  combination	  of	  brittle	  fracturing	  and	  ductile	  rotations	  
(Imber	  et	  al.,	  2004;	  Long	  et	  al.,	  2011).	  We	  should	  therefore	  expect	  the	  relay	  zone	  to	  undergo	  a	  
temporal	  development	  and	  observe	  incremental	  strains	  as	  fault	  tip	  lines	  propagate	  progressively	  
closer	  together	  (e.g.	  Pollard	  and	  Aydin,	  1984;	  Crider	  and	  Pollard,	  1998).	  
Analytical	  solutions	  for	  isolated	  cracks	  under	  a	  uniform	  applied	  stress	  produce	  resolvable	  
sets	  of	   internal	  stresses.	  Once	  additional	  cracks	  are	  introduced,	  the	  effect	   is	  more	  complicated.	  
Superposition	   of	   the	   opposing	   three-­‐dimensional	   elastic	   fields	   surrounding	   en	   echelon	   cracks	  
results	  in	  their	  modification	  (e.g.	  Segall	  and	  Pollard,	  1980;	  Delaney	  and	  Pollard,	  1981;	  Pollard	  and	  
Aydin,	   1984;	   Crider	   and	  Pollard,	   1998;	  Maerten	   et	   al.,	   2002).	   The	   resolved	   stress	   affecting	   the	  
cracks	  becomes:	  
Equation	  2.10.	   𝜎!"!#$ =   𝜎!"!   +   𝜎!" 	  
Where	   σija	   is	   the	   applied	   stress,	   and	   σ	  ĩj	   is	   the	   non-­‐uniform	   (perturbed)	   stress	   component	  
introduced	  by	  the	   interaction	  of	  neighbouring	  stress	   fields.	  The	  radius	  of	  the	  area	  over	  which	  
these	   locally	  perturbed	  stresses	  act	   is	  a	   function	  of	   the	  proportion	  of	   the	  perturbed	  stress	   in	  
the	   total	   applied	   stress,	   and	   the	   three-­‐dimensional	   geometry	   of	   the	   bounding	   structures.	  
Longer	   fractures	   will	   produce	   stress	   fields	   that	   can	   interact	   over	   greater	   distances,	   whereas	  
shorter	   structures	   show	   little	   interaction	  as	   stress	  decays	   significantly	  with	  distance	   from	  the	  
tip	   line	   (e.g.	   Segall	   and	   Pollard,	   1980;	  Willemse	   et	   al.,	   1996;	   Crider	   and	   Pollard,	   1998).	   This	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prediction	  is	  based	  on	  St.	  Vernants	  Principle	  in	  that	  stress	  perturbations	  are	  local	  effects	  and	  at	  
distances	  that	  are	  great	  relative	  to	  the	  size	  of	  the	  discontinuities	  the	  stress	  field	  is	  unaffected	  
(Gudmundsson,	  2011).	  The	  magnitude	  of	  the	  resulting	  stress	  field	  is	  approximated	  by	  the	  stress	  
intensity	  factor	  (K),	  a	  function	  of	  the	  applied	  stress,	  geometry	  (length,	  depth)	  and	  position	  of	  a	  
crack	  (e.g.	  Sih,	  1976;	  Segall	  and	  Pollard,	  1980;	  Engelder	  et	  al.,	  1993;	  Crider	  and	  Pollard,	  1998).	  
Thus,	  for	  a	  given	  overlap	  and	  separation,	  stresses	  can	  become	  sufficiently	  high	  to	  overcome	  the	  
fracture	  toughness	  of	  the	  deforming	  material,	  resulting	  in	  inelastic	  breakdown	  in	  the	  relay	  zone	  
and	   the	   formation	   of	   obliquely	   oriented	   ancillary	   fractures	   (Figure	   2.13).	   The	   structural	   sets	  
that	   develop	   are	   analogous	   to	   fractures	   that	   form	   a	   hard	   linkage	   between	   the	   en	   echelon	  
master	  faults	  to	  accommodate	  the	  increased	  strains	  in	  the	  region	  (e.g.	  Childs	  et	  al.,	  1995;	  Ferrill	  
et	  al.,	  1999;	  Walsh	  et	  al.,	  2003).	  
	  
Figure	  2.13.	  State	  of	  stress	  surrounding	  two	  en	  echelon	  spreading	  ridge	  segments:	  a)	  Contours	  highlight	  
the	   distribution	   of	   mean	   normal	   stress	   for	   (i)	   underlapping,	   (ii)	   approaching	   and	   (iii)	   overlapping	  
configurations;	   and	   (b)	   contours	   highlight	   the	   distribution	   of	   maximum	   shear	   stresses	   for	   (i)	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underlapping,	   (ii)	   approaching	   and	   (iii)	   overlapping	   configurations.	   Sets	   of	   extensional	   and	   shear	  
fractures	  are	  predicted	   to	  develop	   in	   the	  anticipated	   relay	   zone	  between	   the	  adjacent	   segments	  with	  
progressive	  propagation	  and	  vertical	  axis	  rotation	  of	  the	  stress	  contours	  (from	  Pollard	  and	  Aydin,	  1984).	  
The	  geometry	  and	  occurrence	  of	  the	  anticipated	  relay	  zone	  is	  therefore	  governed	  by	  the	  size	  
(length,	  depth)	  of	  the	  faults,	  their	  separation,	  and	  their	  relative	  displacements	  (e.g.	  Willemse	  
et	  al.,	  1996;	  Crider	  and	  Pollard,	  1998;	  Figure	  2.14).	  An	  increase	  in	  fault	  depth	  (and	  therefore,	  
length)	  will	  produce	  greater	  overall	  stress	  change	  magnitudes,	  and	   increase	  the	  potential	   for	  
secondary	   fault	   development.	   The	   geometry	   of	   stress	   change	   contours	   varies	   with	   overlap	  
distance	   (Figure	   2.14):	   small	   overlaps	   produce	  more	  widely-­‐spaced	   contours,	  with	   a	   smaller	  
overall	  stress	  increase.	  An	  intermediate	  overlap,	  where	  opposing	  tip	  lines	  are	  closest,	  results	  in	  
contours	   of	   greater	   stress	   increase	   that	   trend	   at	   a	   high	   angle	   to	   the	   bounding	   faults	   (e.g.	  
Gudmundsson	  et	  al.,	  1993;	  Gudmundsson,	  2007;	  Willemse	  et	  al.,	  1996).	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Figure	  2.14.	  Static	  models	  of	  the	  state	  of	  stress	  surrounding	  two	  en	  echelon	  normal	  fault	  segments:	  a)	  
Maximum	   shear	   stress	   contours	   for	   faults	  with	   a	   depth	   of	   (i)	   300	  m,	   (ii)	   750	  m	   and	   (iii)	   1400	  m;	   (b)	  
Maximum	  shear	  stress	  contours	  for	  faults	  showing	  (i)	  underlapping,	  (ii)	  approaching	  and	  (iii)	  overlapping	  
configurations	  (from	  Crider	  and	  Pollard,	  1998).	  	  
Within	  the	  relay	  zone,	  shear	  stresses	  can	  be	  40-­‐50%	  higher	  than	  the	  applied	  stress	  (Crider	  and	  
Pollard,	  1998)	  but	  the	  effect	  is	  not	  constant	  through	  time;	  displacement	  on	  one	  of	  the	  master	  
faults	  will	  alter	  the	  stress	  intensity	  factor	  at	  its	  tip	  and	  therefore	  the	  distribution	  of	  shear	  stress	  
in	   the	   relay,	   resulting	   in	   the	   lateral	   inhibition	   of	   the	   opposing	   structure	   and	   non-­‐linear	  
displacement-­‐length	  ratios	  (e.g.	  Huggins	  et	  al.,	  1995;	  Gupta	  and	  Scholz,	  2000;	  Peacock,	  2002).	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Notably,	  models	  such	  as	  those	  in	  Figure	  2.14	  are	  static	  representations	  of	  a	  dynamic	  process.	  
Natural	  relay	  zones	  may	  feature	  deformation	  consistent	  with	  a	  progressive	  changes	  in	  normal	  
and	  shear	  stresses,	  as	  well	  as	  their	  trajectories	  prior	  to	  breaching	  taking	  place.	  	  
At	  distances	  that	  are	  more	  than	  twice	  the	  depth	  of	  faulting,	  elastic	   interaction	  is	   less	  
significant	  and	  the	  contribution	  of	  the	  perturbed	  stress	  to	  the	  total	  stress	  is	  considered	  to	  be	  
minimal.	   At	   this	   stage	   they	   are	   believed	   to	   be	   isolated	   structures	   (e.g.	   Segall	   and	   Pollard,	  
1980).	   The	   components	   of	   the	   modified	   stress	   field	   are	   additive	   (e.g.	   Lawn,	   1993)	   and	   the	  
configuration	   is	   asymmetrical	   with	   normal	   and	   shear	   stresses	   enhanced	   in	   some	   areas,	   and	  
reduced	   in	   others.	   This	   pattern	   is	   governed	  by	   the	   geometric	   configuration	  of	   the	  bounding	  
structures	  and	  the	  effect	  of	  the	  resulting	  interference	  patterns	  of	  the	  stress	  field	  components	  
and	   resulting	   crack	   propagation	   force.	   This	   can	   be	   summarized	   to	   three	   configurations:	   (1)	  
interaction	  of	  two	  tensile	  stress	  field	  components,	  results	  in	  increased	  tensile	  mean	  stress	  and	  
promotes	  dilation;	  (2)	  interaction	  of	  a	  tensile	  and	  compressive	  component	  produces	  a	  reduced	  
tensile	   mean	   stress;	   or	   (3)	   interaction	   of	   two	   compressive	   components	   produces	   a	   greater	  
compressive	  mean	  stress,	  opposing	  dilation	  (e.g.	  Pollard	  and	  Aydin,	  1984;	  Reches	  and	  Lockner,	  
1994;	  Crider	  and	  Pollard,	  1998;	  Healy	  et	  al.,	  2006).	  
The	  process	  of	  fault	  interaction	  and	  linkage	  is	  likely	  to	  be	  further	  complicated	  in	  areas	  
where	   syn-­‐tectonic	   volume	  change	   results	   in	  heterogeneous	  and	  anisotropic	  driving	   stresses	  
and	   it	   has	   important	   implications	   for	   (1)	   the	   temporal	   development	   and	   distribution	   of	  
depocentres	   in	  developing	   rift	   systems;	   (2)	   the	   temporal	   variability	  of	   sediment	  distribution;	  
and	  (3)	  the	  potential	  for	  both	  increased	  fluid	  flow	  and	  structural	  complexity	  and	  closure.	  This	  
knowledge	  is	  especially	  relevant	  in	  volcanic	  passive	  margin	  sequences,	  where	  detailed	  analysis	  
and	  exploration	  is	  impeded	  by	  poor	  resolution	  seismic	  reflection	  datasets.	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Chapter	  3	  
	  
Physical	  and	  Mechanical	  Properties	  
of	  Basaltic	  Lavas:	  Kilauea	  Pahoehoe	  
	  
3.1. Introduction	  	  
	  
The	   storage	   and	   transmission	   of	   fluid-­‐	   and	   gas-­‐related	   resources	   and	   wastes,	   such	   as	  
hydrocarbons,	   water	   or	   carbon	   dioxide,	   and	   natural	   gas	   within	   crystalline	   rocks	   that	   are	  
overlain	   by	   sedimentary	   sequences	   can	   represent	   economically	   significant	   exploitation	  
opportunities	   if	   the	   basement	   rock	   is	   heavily	   fractured	   and/or	   faulted	   (Petford	   and	  
McCaffrey,	  2003;	  Schutter,	  2003).	  Discoveries	  within	  crystalline	  basement	  rocks	  overlain	  by	  
a	  sedimentary	  cover	  are	  expected	  to	  obey	  the	  same	  principles	  of	  sourcing,	  migration,	  and	  
trapping	  that	  apply	  to	  fields	  in	  siliclastic	  sequences	  (Petford,	  2003;	  Petford	  and	  McCaffrey,	  
2003).	  The	  geometry,	  distribution,	  and	  segmentation	  of	  fracture	  systems	  within	  crystalline	  
sequences	   has	   a	   direct	   impact	   on	   fluid	   flow	   and	   sealing	   potential,	   and	   therefore	   the	  
development	   and	   exploitation	   of	   fluid-­‐related	   resources	   (McCaffrey,	   2003;	  Walker	   et	   al.,	  
2013).	  With	  the	  increasing	  economic	  viability	  of	   intra-­‐	  and	  sub-­‐volcanic	  hydrocarbon	  plays	  
(e.g.,	   the	  NE	  Atlantic	  basins:	  Davison	  et	  al.,	  2004),	  as	  well	  as	  water	  aquifer	  resources	  that	  
rely	   on	   basaltic	   stratigraphy	   (e.g.	   Anderson	   and	   Bowers,	   1995;	   Saar	   and	   Manga,	   1999;	  
Helm-­‐Clark	  et	  al.,	  2004),	  understanding	  controls	  on	  the	  geometry	  and	  architecture	  of	  faults	  
that	  develop	  within	  crystalline	  sequences	  is	  becoming	  increasingly	  important.	  Furthermore,	  
fault	  segmentation	  has	  significant	  implications	  for	  the	  distribution	  of	  surface	  sedimentation	  
(e.g.	  Morley	  et	  al.,	  1990;	  Gawthorpe	  and	  Hurst,	  1993)	  and	  the	  emplacement	  and	  eruption	  
of	   volcanic	   material	   (e.g.	   Walter	   and	   Amelung,	   2006),	   hence	   understanding	   primary	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controls	  on	  segment	  formation	   is	  critical	   to	  the	  study	  of	  these	  systems.	  Fault	  architecture	  
and	   fault	   permeability	   structure	   models	   are	   based	   largely	   on	   siliclastic	   or	   carbonate	  
systems.	   Studies	   of	   extensional	   fault	   geometry	   in	   layered	   clastic	   sequences	   have	   shown	  
that	   changes	   in	   fault	  dip	   reflect	   variations	   in	   the	  mechanical	   strength	  of	   the	   layered	  host	  
rocks	   (e.g.	   Peacock	   and	   Sanderson,	   1991;	   Ferrill	   and	   Morris,	   2003;	   Crider	   and	   Peacock,	  
2004;	  Figure	  3.1a).	  
	  
	   Figure	  3.1.	  	  Examples	  of	  refracted	  fault	  traces	  in	  multi-­‐layer	  sequences.	  a)	  Layered	  clastic	  sequences	  
show	  steeply	  dipping	  fault	  segments	  in	  the	  stronger	  units	  and	  shallow	  dipping	  segments	  in	  weaker	  
layers	   (from	   Ferrill	   and	   Morris,	   2003).	   b)	   Volcaniclastic	   layers	   host	   inclined	   fault	   segments	   and	  
ductile	  (non-­‐localised)	  deformation,	  whereas	  fault	  segments	  are	  generally	  steeper,	  in	  the	  vertically	  
jointed	   lava	   units.	   Inclined	   faults	   in	   the	   lava	   units	   consistently	   cut	   the	   vertical	   joint	   fabric	   at	   an	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oblique	  angle	  in	  3-­‐dimensions.	  c)	  Plan	  view	  of	  a	  principal	  slip	  zone	  (PSZ).	  Some	  segments	  appear	  to	  
follow	  the	  joint	  fabric	  but	  most	  of	  the	  deformation	  cuts	  obliquely	  to	  the	  adjacent,	  vertical	  joints.	  d)	  
A	  PSZ	  cuts	  the	  joint	  fabric	  rather	  than	  following	  it.	  (Images	  in	  b-­‐d	  modified	  from	  Walker	  et	  al.,	  2013)	  
At	  low	  strains,	  normal	  faults	  and/or	  extension	  fractures	  initiate	  in	  the	  mechanically	  stronger	  
layers	  (e.g.,	  sandstones)	  as	  steeply	  dipping	  extension	  fractures;	  mechanically	  weaker	  layers	  
(e.g.,	  mudstones)	  may	   initially	  deform	  by	  ductile	  flow.	  As	  the	  extensional	  strain	   increases,	  
shear	   fractures	   develop	   within	   the	   weaker	   units,	   linking	   the	   steeply-­‐dipping	   fracture	  
segments	   to	   produce	   a	   through-­‐going	   refracted	   fault	   (e.g.	   Schöpfer	   et	   al.,	   2006).	   	   More	  
recent	   studies	   of	   fault	   propagation	   in	   volcanic	   systems	   show	   that	   faults	   undergo	   similar	  
patterns	   of	   vertical	   segmentation	   and	   linkage	   through	   layered	   lava	   and	   volcaniclastic	  
sequences	  (Walker	  et	  al.,	  2013:	  Figure	  3.1b).	   Importantly,	  pre-­‐existing	  cooling	  joint	  fabrics	  
in	   these	   sequences	   are	   not	   ubiquitously	   reactivated;	   in	   many	   cases	   (refer	   to	   figures	   in	  
Walker,	   2010;	   Walker	   et	   al.,	   2013)	   natural	   basalt-­‐hosted	   faults	   in	   the	   Faroe	   Islands	   are	  
demonstrably	  oblique	  to	  vertical	  joint	  fabrics	  (e.g.,	  Figure.	  3.1)	  and	  show	  fracture	  densities	  
that	  exceed	  the	  joint	  scaling,	  indicating	  that	  the	  intact	  rock	  strength	  was	  important	  during	  
fault	  growth.	  In	  addition,	  volcano-­‐tectonic	  studies	  of	  volcanic	  rift	  zones	  (e.g.	  Kilauea,	  Hawaii	  
or	   Krafla,	   NE	   Iceland)	   highlight	   a	   dominance	   of	   double-­‐couple	   earthquake	   focal	  
mechanisms,	   associated	   with	   a	   range	   of	   shear	   displacements	   (i.e.	   normal,	   reverse	   and	  
strike-­‐slip)	  at	  depth	  (e.g.	  Brandsdottir	  and	  Einarsson,	  1979;	  Thurber	  and	  Gripp,	  1988;	  Arnott	  
and	  Foulger,	  1994;	  Wolfe	  et	  al.,	  2003;	  Lin	  and	  Okubo,	  2016;	  Schuler	  et	  al.,	  2016).	  Universal	  
opening	   and	   reactivation	   of	   pre-­‐existing,	   open	   joint	   surfaces	   would	   not	   result	   in	   such	   a	  
catalog.	  
Petrophysical	  analyses	  of	   flood	  basalt	  regions	   in	  the	  North	  Atlantic	  show	  significant	  
variations	  in	  physical	  properties	  within	  individual	  lavas,	  particularly	  in	  terms	  of	  the	  volumes	  
and	   geometries	   of	   pore	   space	   through	   the	   drilled	   sequence	   (e.g.	   Wilkens	   et	   al.,	   1991;	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Planke,	   1994;	   Planke	   et	   al.,	   1999).	   The	   variability	   of	   intact	   physical	   and	   mechanical	  
properties	   has	   the	   potential	   to	   produce	   the	   effect	   of	   a	   multi-­‐layered	   sequence	   within	   a	  
single	  lava,	  and	  result	  in	  similar	  patterns	  of	  segmentation,	  fracture	  damage	  and	  linkage	  that	  
we	  observe	  in	  clastic	  and	  crystalline-­‐clastic	  sequences.	  	  
Here,	   I	   analyze	   the	   physical	   and	   intact	   mechanical	   properties	   of	   an	   individual	  
pahoehoe	   lava	   from	   the	  Koa’e	   segmented	   rift	   system,	   to	   constrain	   a	  possible	  mechanical	  
stratigraphy	  and	  consider	  the	  impact	  of	  this	  on	  the	  development	  of	  fault	  zones.	  
	  
3.2. Background	  
	  
Links	   have	   been	   made	   between	   the	   physical	   properties	   of	   brittle,	   porous	   solids	   (e.g.	  
porosity	   and	   fracturing,	   both	   natural	   and	   man-­‐made)	   and	   their	   elastic	   (mechanical)	  
properties	  and	  strength.	  An	  increase	  in	  porosity	  has	  been	  shown,	  experimentally,	  to	  reduce	  
the	  strength	  and	  the	  Young’s	  modulus	  of	  the	  material	  (e.g.	  Rice,	  1998;	  Al-­‐Harthi	  et	  al.,	  1999;	  
Palchik	  and	  Hatzor,	  2004).	  The	  growth	  of	  faults	  through	  intact	  host	  rock	  is	  influenced	  by	  the	  
mechanical	   response	  of	  a	  material	   to	  an	  applied	  stress,	  which	   is	   in	   turn	  controlled	  by	   the	  
physical	  properties	  of	  the	  rock	  (e.g.	  Palchik	  and	  Hatzor,	  2004).	  To	  fully	  characterise	  a	  rock’s	  
response	   to	   stress	   it	   is	   therefore	   important	   to	   examine	   its	   physical	   and	   mechanical	  
properties.	  	  	  
	  
3.2.1. Rock	  Strength	   	  
Traditional	   analysis	   of	   the	   strength	   and	   elastic	   properties	   of	   rocks	   involves	   the	   axial	  
compression	   of	   cylindrical	   samples	   and	   the	   study	   of	   their	   stress-­‐strain	   relationships,	  
visualized	   on	   a	   stress-­‐strain	   curve	   (e.g.,	   Figure	   3.2).	   Axial	   and	   lateral	   (circumferential	   or	  
radial)	  strains,	  measured	  during	  the	  experiment	  using	  strain	  gauges	  attached	  to	  the	  sample,	  
are	   plotted	   against	   stress	   to	   obtain	   the	   complete	   stress-­‐strain	   curve	   (Jaeger	   and	   Cook,	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1979).	  For	  tests	  where	  the	  lateral	  surface	  of	  the	  rock	  sample	  is	  tractionless,	  the	  experiment	  
is	  considered	  unconfined	  and	  the	  sample	  undergoes	  uniaxial	  compression	  where	  σ1	  >	  0	  and	  
σ2	   =	   σ3	   =	   1	   atm	   (0.1	   MPa).	   When	   tractions	   are	   applied	   to	   the	   sample	   surfaces,	   the	  
experiment	  is	  confined	  and	  stresses	  are	  applied	  in	  two	  orthogonal	  directions	  resulting	  in	  a	  
stress	  state	  equal	  to	  σ1	  >	  σ2	  =	  σ3	  >	  0.	  
	  
	  
Figure	  3.2.	  A	  typical	  stress-­‐axial	  
strain	  curve	  for	  rock	  materials	  
demonstrating	  that	  stages	  of	  
rock	  failure	  (after	  Jaeger	  and	  
Cook,	  1979).	  
	  
	  	  
	  
Although	   two	   of	   these	   stresses	   are	   equal,	   the	   configuration	   is	   considered	   to	   be	   triaxial	  
(Jaeger	  et	  al.,	  2007).	  During	  strain	  accumulation,	  the	  response	  of	  the	  rock	  is	  analysed	  using	  
the	   complete	   stress-­‐strain	   curve,	   which	   demonstrates	   5	   stages	   (e.g.	   Brady	   and	   Brown,	  
2004):	  	  	  
Stage	   I:	   Initial	   stress	   contact,	   “bedding	   down”	   and	   microcrack/pore	   closure	   (oriented	  
normal	  to	  the	  applied	  compression).	  The	  resulting	  stress-­‐strain	  curve	  shows	  an	  initial	  non-­‐
linearity.	  
Stage	  II:	  Period	  of	  linear	  elastic	  behaviour,	  reflected	  by	  a	  straight-­‐line	  portion	  of	  the	  stress-­‐
strain	  curve.	  Strains	  during	  this	  stage	  are	  reversible.	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Stage	   III:	   Strains	   become	   permanent	   as	   tensile	   cracking	   begins.	   Fracture	   initiation	   is	  
reflected	   in	   the	  departure	   from	   the	   linear	   curve	  when	   the	   yield	   stress	   is	   attained;	   at	   this	  
stage,	   lateral	   strain	   begins	   to	   increase	   with	   dilation	   related	   to	   crack	   opening.	   Crack	  
propagation	   is	   stable	   but	   an	   increasing	   load	   is	   required	   to	   drive	   further	   growth	   (strain	  
hardening).	  
Stage	   IV:	   Interaction	   and	   eventual	   linkage	   of	   microcracks	   lead	   to	   unstable	   crack	   growth	  
without	   significant	   change	   in	   the	   energy	   of	   the	   system	   (strain	   weakening).	   Crack	  
coalescence	  and	  the	  development	  of	  a	  localised	  through-­‐going	  shear	  (or	  extensional-­‐shear)	  
fracture	  eventually	  results	  in	  catastrophic	  failure	  at	  the	  peak	  stress.	  
Stage	   V:	   At	   this	   stage,	   the	   rock	   has	   passed	   through	   the	   peak	   stress	   but	   the	   rock	   is	   still	  
largely	  intact,	  although	  internally	  there	  is	  loss	  of	  cohesion.	  Strain	  localises	  onto	  the	  weaker	  
elements	  and	  a	  constant	  residual	  stress	  is	  reached	  before	  the	  machine	  unloads	  the	  sample.	  	  
	  
The	  curve	  describes	  the	  displacement	  of	  the	  samples	  from	  initial	  loading,	  through	  the	  linear	  
elastic	   phase,	   the	   non-­‐linear	   period	   of	   cracking	   to	   the	   peak	   stress	   and	   through	   the	   post-­‐
peak	  failure	  stage	  (Jaeger	  et	  al.,	  2007).	  The	  linear	  portion	  of	  the	  curve	  is	  used	  to	  derive	  the	  
Young’s	   modulus	   for	   samples;	   here	   the	   material	   shows	   identical	   stress-­‐strain	   behaviour	  
during	   loading	   and	   unloading.	   During	   post-­‐processing,	   three	   values	   of	   Young’s	   modulus	  
(GPa)	  are	  calculated:	  	  
1) Secant	  Young’s	  modulus:	  measured	  at	  0-­‐50%	  of	  the	  peak	  stress	  
2) Average	  Young’s	  modulus	  at	  20-­‐80%	  of	  the	  peak	  stress	  
3) Tangent	  Young’s	  modulus:	  measured	  at	  25-­‐75	  %	  of	  the	  peak	  stress	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Figure	   3.3.	   Example	   of	   a	   stress-­‐strain	   curve	   for	   a	   quartzite,	   showing	   axial,	   lateral	   and	   volumetric	  
strain	   plotted	   against	   axial	   stress	   in	  MPa.	  At	   point	   J,	   there	   is	   an	   initial	   loss	   of	   volume.	  At	   point	  K,	  
radial/lateral	   strain	   is	   sufficiently	   negative	   that	   the	   total	   volumetric	   strain	   becomes	   negative	   and	  
dilatancy	  takes	  place	  	  (from	  Jaeger	  et	  al.,	  2007).	  
Young’s	  modulus	  is	  a	  property	  that	  defines	  how	  stiff	  a	  material	  is	  in	  response	  to	  an	  applied	  
load:	   stiff	  elastic	  materials	  will	  demonstrate	   linear	  portions	  of	   the	  stress-­‐strain	  curve	   that	  
are	  steeper	  than	  less	  stiff	  materials	  (Pollard	  and	  Fletcher,	  2005).	  
An	  elastic	  rock	  undergoing	  uniaxial	  stress	  will	  also	  shorten	  in	  the	  direction	  parallel	  
to	   an	   applied	   axial	   compression	   (defined	   by	   the	   elastic	   modulus),	   whilst	   simultaneously	  
extending	   in	  directions	  orthogonal	   to	   this.	  The	  negative	   ratio	  of	   lateral	  expansion	   to	  axial	  
shortening	   forms	   an	   additional	   elastic	   constant	   known	   as	   the	   Poisson’s	   ratio	   (v)	   (dotted	  
line,	   J,	   Figure	   3.3).	   For	   a	   linear	   elastic	   material,	   this	   property	   ranges	   from	   0-­‐0.5	   and	   is	  
independent	  of	  stress,	  with	  incompressible	  materials	  falling	  into	  the	  upper	  end	  of	  this	  range	  
(Brady	   and	   Brown,	   2004;	   Pollard	   and	   Fletcher,	   2005;	   Jaeger	   et	   al.,	   2007).	   Uniaxial	  
compression	   of	   cylindrical	   samples	   is	   used	   to	   determine	   these	   mechanical	   constants	   by	  
measuring	  and	   recording	   the	  axial	   stress,	   axial	   strain,	   volumetric	   strain,	   and	   lateral	   strain	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continuously	   until	   the	   material	   fails	   and	   stress	   is	   unloaded	   (e.g.,	   Figure	   3.3).	   Volumetric	  
strain	   becomes	   the	   sum	  of	   axial	   and	   lateral	   (or	   radial)	   strain	   (dashed	   line,	   k,	   Figure	   3.3),	  
showing	  an	  initial	  decrease	  during	  loading	  associated	  with	  the	  phase	  of	  crack	  closure,	  and	  
an	  increase	  with	  the	  development	  of	  microcrack	  volume	  (Jaeger	  et	  al.,	  2007).	  
Applying	   a	   confining	   pressure	   to	   samples	   under	   axial	   compression	   increases	   the	  
stress	   required	   for	   failure	   and	   the	   rock	   is	   prone	   to	   more	   ductile	   (i.e.	   non-­‐localised)	  
behaviour.	  It	  has	  been	  shown	  that	  even	  minor	  increases	  in	  confining	  pressure	  at	  a	  constant	  
differential	   stress	   result	   in	   significant	   increases	   in	   the	   amount	   of	   axial	   stress	   required	   to	  
create	  a	  through-­‐going	  shear	  fracture	  (Kranz,	  1980;	  Costin,	  1987).	  	  
3.2.2. Stress	  Concentrations	  
The	  mechanical	  properties	  of	  brittle	  rocks	  are	  sensitive	  to	  the	  nucleation	  and	  propagation	  
of	  microcracks,	  which	  are	  in	  turn	  strongly	  influenced	  by	  the	  presence	  of	  void	  space,	  pores	  
or	   pre-­‐existing	   cracks	   in	   the	   material,	   which	   may	   behave	   as	   stress	   concentrators	   and	  
nucleation	  sites.	  Inglis	  (1913)	  shows	  that	  local	  stresses	  concentrate	  around	  holes	  or	  corners	  
in	   a	   plate	   subjected	   to	   an	   applied	   force	   and	   that	   those	   concentrations	   could	   be	   much	  
greater	   than	   the	   remote	   stress.	   The	  magnitude	  of	   the	   stress	   amplification	  was	   shown,	   in	  
elastic	   theory,	   to	  be	  controlled	  by	  the	  radius	  of	  curvature	  of	   the	  hole	   (e.g.	  Fischer-­‐Cripps,	  
2007).	   Inglis	   found	   that	   a	   smaller	   radius	   of	   curvature	   resulted	   in	   a	   greater	   stress	  
concentration	   and	   that	   the	   stress	   concentration	   factor	   (κ)	   for	   an	   elliptical	   hole	   was	  
(Bagdahn	  et	  al.,	  2003;	  Fischer-­‐Cripps,	  2007):	  
Equation	  3.1.	  	  
𝜅 = 1 + 2 𝑎𝜌	  
	  
Where	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a	  is	  the	  radius	  of	  the	  hole	  and	  ρ	  is	  the	  radius	  of	  curvature	  at	  the	  tip	  of	  the	  hole.	  
The	  scale	  of	   this	  amplification	   is	  dependent	  on	  the	  shape	  of	   the	   flaw,	  not	   the	  size;	   for	  an	  
elliptical	  flaw	  the	  amplification	  is	  inversely	  proportional	  to	  the	  radius	  of	  curvature	  at	  the	  tip	  
(e.g.	   Engelder,	   1993).	   Studies	   of	   crack	   growth	   in	   glass	   and	   PMMA	   (acrylic	   glass)	   have	  
suggested	   that	   inclusions	  or	  pores	   in	   rocks	  may	  act	   as	   stress	   concentrators,	  out	  of	  which	  
microcracks	  will	   grow	   (Sammis	   and	   Ashby,	   1986).	   For	   a	   spherical	   pore	   or	   void	  within	   an	  
elastic	  body,	  tensile	  stresses	  are	  expected	  to	  localise	  around	  the	  north	  and	  south	  poles	  of	  
the	  pore,	  equal	  to:	  
Equation	  3.2.	  
𝜎!! =   − 32 1 + 5𝜐7 − 5𝜐   𝜎!	  
According	  to	  the	  pore-­‐emanating	  crack	  model	  of	  Sammis	  and	  Ashby	  (1986),	  microcracks	  are	  
predicted	  to	  nucleate	  at	  the	  crowns	  of	  pores	  (Figure	  3.4a)	  and	  if	  the	  ratio	  of	  length	  to	  radius	  
(L/a)	   is	  <0.2,	  and	   local	   stresses	  exceed	   the	   fracture	   toughness	  of	   the	   intact	  material,	   self-­‐
sustaining	   (unstable)	   cracks	   will	   grow	   in	   a	   direction	   parallel	   to	   applied	   maximum	  
compression.	  Progressive	  failure	  shifts	  the	  local	  stress	  maximum	  outward	  and	  elastic	  strain	  
energy	   is	   released	  during	   increments	  of	   crack	   growth	   (Lajtai,	   1974).	  An	   increasing	   load	   is	  
required	   for	  microcracks	   to	  begin	   to	   link	   and	   coalesce.	  When	   the	   ratio	   exceeds	  0.2,	   slow	  
and	   stable	   crack	   growth	   dominates	   and	   microcracks	   reach	   a	   critical	   length	   where	   their	  
stress	   fields	   begin	   to	   interfere,	   resulting	   in	   local	   stress	   increases	   that	   lower	   the	   required	  
force	  for	  further	  crack	  propagation	  (strain-­‐weakening	  behaviour)	  in	  the	  intact	  rock.	  Linkage	  
and	   coalescence	   of	   individual	   pore-­‐microcrack	   arrays	   lead	   to	   the	   formation	   of	   through-­‐
going	  fractures	  and,	  ultimately,	  brittle	  failure	  (Figure	  3.4b).	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Figure	  3.4.	  a)	  Tensile	  stresses	  are	  predicted	  at	  the	  intersection	  of	  a	  circular	  pore,	  or	  vesicle,	  with	  the	  
maximum	   principal	   stress.	   In	   uniaxial	   compression,	   extension	   mode	   fractures	   will	   develop	   at	   the	  
north	  and	  south	  poles	  of	  a	  pore,	  propagating	  parallel	  to	  the	  applied	  compressive	  stress	  direction.	  b)	  
When	   L/a	   >0.2,	   crack	   growth	   becomes	   unstable	   	   (after	   Sammis	   and	   Ashby,	   1986;	   Dresen	   and	  
Gueguen,	  2004;	  Heap	  et	  al.,	  2014).	  
For	  basaltic	  rocks,	  vesicles	  are	  thought	  to	  behave	  as	  stress	  concentrators	  and	  the	  initiation	  
point	  for	  fractures	  in	  the	  same	  manner	  (Heap	  et	  al.,	  2014).	  Tensile	  stresses	  are	  predicted	  at	  
the	  north	  and	  south	  poles	  of	  vesicles,	  where	  the	  applied	  compressive	  stress	  axis	  intersects	  
the	  vesicle	  boundary	  (Figure	  3.4).	   In	  the	  same	  way	  we	  expect	  stress	  concentrations	  at	  the	  
tips	   of	   a	   crack	   to	   promote	   unstable	   microcracking	   and	   propagation,	   the	   stresses	   at	   the	  
north	  and	  south	  pole	  of	  a	  vesicle	  should	  also	  drive	  the	  growth	  of	  cracks	  outwards	  from	  the	  
edge	  of	  the	  vesicle	  (Dresen	  and	  Gueguen,	  2004).	  
Brittle	  failure	  of	  rocks	  under	  uniaxial	  compression	   is	  attributed	  to	   localised	  tensile	  
microcrack	  development,	  followed	  by	  progressive	  linkage	  and	  coalescence	  that	  produces	  a	  
single	  macro-­‐fracture.	  How	  the	  physical	  properties,	   i.e.	  the	  distribution	  of	  vesicles,	  vary	   in	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basalts	   will	   tell	   us	   where,	   and	   under	   what	   stress	   conditions,	   a	   fracture	   will	   develop.	  
Acquisition	  of	  this	  information	  will	  be	  used	  to	  test	  models	  of	  fault	  propagation	  and	  porosity	  
maintenance	  in	  basaltic	  sequences.	  
3.2.3. Compound	  Lava	  Unit	  Characterisation	  
Large	  accumulations	  of	  lava	  flows,	  associated	  with	  large-­‐scale,	  transient	  effusive	  volcanism,	  
accompany	   the	   formation	   of	   volcanic	   passive	   margins	   during	   continental	   break-­‐up	   (e.g.	  
Planke	   et	   al.,	   2000).	   Such	   deposits	   do	   not	   demonstrate	   straightforward	   layer	   cake-­‐like	  
stratigraphy,	   but	   vary	   between	   tabular,	   jointed	   simple	   flow	  units	   (Figure	   3.5a)	   and	   thinly	  
layered	   compound	   units	   (Jerram,	   2002;	  Walker	   et	   al.,	   2013;	   Figure	   3.5b).	   Thicknesses	   of	  
simple	   lavas	   in	   large	   igneous	   provinces,	   such	   as	   the	  North	  Atlantic	   Igneous	   Province,	   can	  
range	   from	   15-­‐50	   m	   and	   cover	   total	   areas	   of	   approximately	   1.3	   x106	   km2	   (Planke	   and	  
Eldholm,	   1994;	   Jerram	  et	   al.,	   2009).	   Compound	   lava	   units	   comprise	   individual	   lobes	  with	  
thicknesses	  varying	   from	  0.5-­‐5.0	  m	  and	   lateral	  extents	  of	  a	   few	  metres	   to	   tens	  of	  metres	  
(Jerram	   et	   al.,	   2009).	   Mechanical	   analyses	   in	   this	   chapter	   are	   conducted	   on	   subaerially	  
emplaced	   intact	   olivine	   tholeiites	   or	   basaltic	   pahoehoe	   lavas	   (henceforth,	   basaltic	   lava	  or	  
lava	  unit).	  Subaerial	  pahoehoe	  lavas	  are	  the	  most	  abundant	  volcanic	  rocks	  on	  Earth	  and	  are	  
emplaced	  as	  channelized	  flows;	  this	  is	  the	  major	  characteristic	  that	  separates	  them	  from	  aa	  
lava	  flows,	  large	  volume	  flood	  basalts	  and	  some	  submarine	  flows	  (e.g.	  Hon	  et	  al.,	  1994	  and	  
Self	  et	  al.,	  1998).	  A	  typical	  pahoehoe	  lava	  is	  characterised	  by	  smooth,	  ropey	  upper	  surfaces	  
and	  flow	  takes	  place	  by	  the	  gradual	  inflation	  and	  impingement	  of	  separate	  lobes	  beneath	  a	  
solid	   crust	   that	  become	   localised	  with	   time	   (e.g.	  Cashman	  and	  Kauahikaua,	  1997).	  During	  
this	  inflation-­‐propagation	  process,	  the	  upper	  and	  lower	  surfaces	  of	  a	  lobe	  cool	  first,	  forming	  
a	  glassy	  shell,	  and	   flow	   is	   focussed	  within	   the	   insulated	   flow	   front	   (core)	  of	   the	   lobe	   (e.g.	  
Hon	  et	  al.,	  1994;	  Self	  et	  al.,	  1996,	  1998;	  Cashman	  and	  Kauahikaua,	  1997).	  The	  outer	  shell	  of	  
a	   solidified,	   inflated	   lava	   shows	  a	  high	  proportion	  of	  glass	  and	  coarse	  vesicles,	   associated	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with	   the	   rapid	   in	   situ	   exsolution	   of	   volatiles.	   During	   inflation	   of	   a	   lobe,	   the	   flow	   front	  
experiences	   greater	   internal	   pressures	   that	   inhibit	   volatile	   exsolution.	   Instead,	   volatiles	  
slowly	  rise	  leaving	  behind	  a	  dense,	  crystalline	  (low	  glass/vesicularity)	  core	  and	  resulting	  in	  a	  
progressive	  increase	  in	  vesicularity	  and	  thickness	  of	  the	  upper	  outer	  shell	  (e.g.	  Fowler	  et	  al.,	  
2015).	  
	  
Figure	  3.5.	  Examples	  of	  basaltic	   lavas.	  a)	  Thick,	   tabular,	   jointed	  simple	   lava	   (cliff	  height	  =	  40-­‐50	  m)	  
from	   NE	   Iceland.	   b)	   Thinly	   layered	   compound	   units	   comprise	   individual	   lobes	   with	   varying	  
thicknesses	   (image	   from	   the	   Koa’e	   fault	   system,	   Hawai’i).	   Dashed	   yellow	   lines	   indicate	   individual	  
lobes.	  
The	  amount	  of	   inflation	  within	  a	   lobe	  is	  a	  function	  of	  the	   lava	  viscosity,	  gas	  content	  and	  
rate	   of	   magma	   supplying	   the	   basaltic	   lava	   flow;	   low	   supply	   rates	   result	   in	   lower	   flow	  
velocity,	  smaller	  lobes	  and	  more	  rapid	  cooling	  	  (Hon	  et	  al.,	  1994).	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  Figure	  3.6.	  (a)	  A	  ~6	  m	  high	  scarp	  exposing	  a	  series	  of	  lobate	  basaltic	  lava	  units.	  (b)	  Internal	  structure	  
of	   a	   single	   basaltic	   lava	   unit	   highlighting	   three	   components	   shown	   schematically.	   (c)	   A	  weathered	  
and	  vesicular	  unit	  top,	  massive	  unit	  core,	  and	  rubbly	  unit	  base.	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Internal	   to	   an	   individual	   unit	   are	   three	   components	   (Figure	   3.6)	   that	   scale	   with	   lava	  
thickness	  and	  are	  defined	  by	  varying	  vesicle	  size,	  distribution	  and	  shape	  (e.g.	  Planke,	  1994;	  
Self	  et	  al.,	  1998;	  Planke	  et	  al.,	  1999;	  Petford,	  2003;	  Walker	  et	  al.,	  2013):	  1) Highly	   vesicular,	   glassy	   (low	   crystallinity)	   lava	   tops	   that	   are	   commonly	  weathered	   and	  
reddened,	   reflecting	   the	   dominance	   of	   alteration	   clays	   such	   as	   smectite	   and	   iron	  
hydroxides.	  	  
2) Dense,	   high	   crystallinity	   (low	   glass	   content)	   lava	   cores,	   characterised	   by	   low	   vesicle	  
concentrations	  and	  larger	  scale	  joint-­‐related	  porosity.	  	  
3) Rubbly	   lava	   bases	   that	   show	   similar	   glass	   contents	   to	   the	   top	   and	   intermediate	  
porosities.	  	  
	  
The	  characteristics	  of	  each	  of	  these	  components	  (top,	  core,	  and	  base	  facies)	  is	  ubiquitous	  in	  
basaltic	   lavas	   and	   the	  proportions	  of	   each	  one	   scales	  with	   flow	   thickness	   (e.g.	   Self	   et	   al.,	  
1998,	  2015;	  Jerram	  et	  al.,	  2009).	  	  	  
As	  a	  basaltic	  lava	  cools	  and	  solidifies,	  stress	  due	  to	  thermal	  contraction	  accumulates	  
to	  a	  level	  where	  the	  tensile	  strength	  of	  the	  material	  is	  reached,	  resulting	  in	  the	  formation	  of	  
internal	  columnar	  cooling	  joints	  (e.g.	  Lyle,	  2000).	  For	  lava	  that	  cools	  from	  above,	  joints	  are	  
predicted	   to	   propagate	   downwards,	   in	   increments,	   with	   column	   diameters	   that	   are	  
controlled	  by	   the	   cooling	   rate	   and	   thermal	   gradient	  of	   the	   lava	   (Phillips	   et	   al.,	   2013).	   For	  
lobate	   extrusion,	   the	   outer	   portions	   cool	   more	   rapidly	   and	   joints	   are	   correspondingly	  
smaller	  then	  the	  insulated	  core.	  The	  variable	  rates	  of	  magma	  supply	  produce	  varying	  lobe	  
thicknesses	  and	   therefore	   juxtapose	  units	  with	   varying	   joint	   scales.	  Consequently,	  planar,	  
in-­‐plane	  discontinuities	  rarely	  exist	  in	  basaltic	  lavas.	  
At	   seismic	   scale	   thicknesses	   (40-­‐50	   m),	   seismic	   reflection	   techniques	   are	   able	   to	  
image	   the	   thickness	   of	   lavas,	   which	   are	   well-­‐expressed	   in	   low	   velocity	   sediments,	   and	  
detect	  high	  and	   low	  velocity	  zones.	  Thinner	  basaltic	   lavas	  (or	  vertical	  dikes)	  are,	  however,	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challenging	  or	  impossible	  to	  detect;	  internal	  architectures	  are	  especially	  difficult	  to	  resolve	  
(Schutter,	   2003).	   To	   characterise	   the	   internal	   characteristics	   and	   physical	   properties	   of	  
lavas,	   detailed	   petrophysical	   analyses	   of	   drilled	   samples	   have	   been	   necessary.	   However,	  
issues	  regarding	  core	  recovery	  and	  questions	  over	  the	  resolution	  of	  lava-­‐scale	  variations	  in	  
both	  porosity	   and	  P-­‐wave	   velocity	  measurements	  have	   raised	  doubts	  on	   the	   reliability	  of	  
interpretations	  based	  on	  these	  (Planke,	  1994).	  A	  characterisation	  of	  the	  brittle	  strength	  of	  
lavas,	   and	   the	   growth	   and	   propagation	   of	   fractures	   within	   them,	   is	   fundamentally	  
important	   to	   our	   understanding	   of	   fault	   growth	   in	   basaltic	   lava-­‐hosted	   volumes,	   and	  
especially	   where	   fault	   development	   may	   not	   be	   controlled	   by	   the	   reactivation	   of	   pre-­‐
existing	  joint	  surfaces.	  
	  
3.3. Datasets	  
	  
This	  study	   involves	  detailed	  physical	  and	  mechanical	  characterization	  of	  naturally	  exposed	  
fault	  plane	  surfaces	  within	  compound	  lavas	  in	  the	  Koa’e	  fault	  system,	  located	  on	  the	  south	  
flank	  of	  Kilauea	  Volcano	  on	  Hawaii’s	  Big	   Island	  (Figure	  3.7a).	   In	  addition	  to	  measurements	  
of	   porosity,	   density,	   and	   unconfined	   compressive	   strength,	   this	   characterisation	   includes	  
measurement	   of	   the	   lava	   thicknesses,	   as	   well	   as	   careful	   classification	   of	   the	   internal	  
architectures	  of	  the	  lavas.	  	  
	  
3.3.1. Sample	  Collection:	  The	  Kulanaokuaiki	  Fault	  Trace	  
	  
Rock	   samples	  were	  collected	   from	   the	  exposed	  natural	   fault	   surface	  of	   the	  Kulanaokuaiki	  
fault,	   located	   at	   the	   eastern	   end	   of	   the	   Koa’e	   fault	   system,	   7-­‐8	   km	   south	   of	   Kilauea’s	  
summit	   caldera	   (Figure	   3.7a	   and	   b).	   Normal	   faults	   in	   the	   Koa’e	   fault	   system	   develop	   at	  
shallow	   depths	   (0.5-­‐4.0	   km:	   Denlinger	   and	   Okubo,	   1995;	   Lin	   and	   Okubo,	   2016)	   with	   the	  
early	  stages	  of	  fault	  propagation	  associated	  with	  the	  formation	  of	  extension	  fractures	  at	  the	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free	  surface	  ahead	  of	  upward	  propagating	  normal	  fault	  tips	  (e.g.	  Martel	  and	  Langley,	  2006).	  
Eventual	   linkage	   of	   faults	   and	   extension	   fractures	   has	   resulted	   in	   surface	   traces	   that	  
demonstrate	  both	  vertical	  and	  horizontal	   components	  of	  displacement	   	   (for	  more	  details,	  
see	  Chapter	  4).	  
	  
	   	  
Figure	  3.7.	  (a)	  Location	  of	  the	  Kulanaokuaiki	  Fault	  in	  the	  Koa’e	  Fault	  System,	  Hawai’i	  highlighting	  the	  
major	  tectonic	  elements	  on	  the	  south	  flank	  of	  Kilauea	  Volcano:	  the	  southwest	  rift	  zone	  (SWRZ),	  east	  
rift	   zone	   (ERZ),	   the	   Koa’e	   fault	   system	   (KFS)	   and	   the	   Hilina	   fault	   system	   (HFS).	   (b)	   Footwall	   and	  
hanging	  wall	   surfaces	  are	  offset	   across	   subvertical	   scarps	  up	   to	  12-­‐15	  m	   that	   are	   characterised	  by	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open	  fractures	  at	  their	  base.	  Maps	  produced	  using	  GeoMapApp	  version	  3.4.0.	  For	  more	  information	  
on	  the	  geological	  setting	  of	  this	  fault	  see	  Chapter	  4.	  
The	  Kulanaokuaiki	  fault	  is	  an	  ENE-­‐WSW	  striking	  normal	  fault,	  comprised	  of	  a	  series	  of	  linked	  
en	  echelon	  segments,	  forming	  a	  segmented	  single	  fault	  structure	  4-­‐5	  km	  long.	  Footwall	  and	  
hanging	  wall	   surfaces	  are	  offset	  across	  a	   sub-­‐vertical	   fault	   scarp	  by	  up	   to	  15	  m.	  The	   fault	  
was	   most	   recently	   active	   during	   the	   December	   1965	   eruption	   of	   Kilauea	   (Fiske	   and	  
Koyanagi,	   1968).	  Mapping	  of	   ground	   cracks	   and	   faults	   that	   developed	  during	   this	   activity	  
revealed	   substantial	   damage	   along	   the	   Kulanaokuaiki	   fault,	   which	   formed	   the	   southern-­‐
most	  extent	  of	  ground	  cracking	  (Fiske	  and	  Koyanagi,	  1968).	  
Sample	   cores	   were	   drilled	   from	   blocks	   of	  minimally	   weathered	   750-­‐1500	   year	   old	  
basaltic	  lava	  (Wolfe	  and	  Morris,	  1996),	  exposed	  along	  the	  Kulanaokuaiki	  Fault.	  Samples	  are	  
fine	   grained	   with	   porphyritic	   textures	   and	   dominated	   by	   phenocrysts	   of	   olivine	   and	  
plagioclase,	  set	   in	  a	  matrix	  of	  granular	  plagioclase	  and	  pyroxene.	   	  Olivine	  phenocrysts	  are	  
typically	  euhedral,	  up	  to	  1-­‐1.25	  mm	  in	  size.	  XRF	  (X-­‐ray	  fluorescence)	  major	  element	  analysis	  
of	  samples	  reveals	  high	  silica	  content	  of	  ~50%	  and	  lower	  MgO	  and	  CaO	  contents	  of	  ~7%	  and	  
~10%	   respectively.	   Comparison	   with	   lavas	   from	   the	   Hawaiian	   Scientific	   Drilling	   Project	  
(HSDP)	  show	  a	  strong	  correlation	  (Table	  3.1).	  
	  
Element	   Kulanaokuaiki	  Sample	   Kilauea	  (HSDP)	  Standard*	  
SiO2	   50.72%	   50%	  
TiO2	   2.55%	   2.76%	  
Al2O3	   13.46%	   13.74%	  
Fe2O3	   12.35%	   12.09%	  
MnO	   0.164%	   0.18%	  
MgO	   7.42%	   6.88%	  
CaO	   10.93%	   11.42%	  
Na2O	   2.31%	   1.78%	  
	  
Table	  3.1.	  Major	  elements	  of	  the	  Kulanaokuaiki	  basalts	  and	  Kilauea	  standard	  (*	  Rhodes	  and	  Vollinger,	  
2004).	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Samples	  obtained	  in	  this	  thesis	  are	  vesicular	  with	  open,	  non-­‐mineralised	  voids	  ranging	  from	  
2	  mm	  to	  20	  mm,	  depending	  on	  the	  location	  within	  the	  unit.	  Vesicles	  in	  the	  unit	  tops	  show	  
average	   diameters	   of	   3-­‐5mm	  but	   voids	   of	   up	   to	   20	  mm	   are	   not	   uncommon.	   In	   the	   core	  
zone,	   vesicles	   are	  more	   homogenous,	  with	   diameters	   of	   0.5-­‐1.0	  mm,	   and	   2-­‐3	  mm	   in	   the	  
base	   of	   the	   lava.	   Vesicles	   also	   vary	   in	   shape,	   being	   rounded	   to	   sub-­‐rounded	   with	   no	  
preferred	  orientation	   in	   the	  unit	   top	  and	  core,	   and	   flattened	  ellipsoids	  aligned	  parallel	   to	  
the	   flow	   direction	   in	   the	   unit	   base.	   To	   identify	   whether	   lavas	   exhibit	   similarly	   variable	  
mechanical	   profiles	   as	  we	   observe	   in	   compositionally	   variable	   clastic	   or	   crystalline-­‐clastic	  
sequences,	   four	   blocks	  were	   collected	   from	   vertical	   transects	   through	   two	   separate	   lava	  
units,	   which	   provided	   18	   samples	   to	   test.	   Multiple	   samples	   were	   taken	   from	   each	  
component	   (top,	   core,	  base),	  based	  on	   their	  morphological	   characteristics	   (Figure	  3.8),	   to	  
determine	  the	  physical	  and	  mechanical	  properties	  of	  each	  one.	  
Careful	  characterisation	  of	  basaltic	  lavas	  exposed	  along	  the	  length	  of	  the	  fault	  trace	  
reveals	  a	  physical	  stratigraphy	  based	  on	  the	  total	  volume	  and	  geometry	  of	  vesicles	  and	  the	  
scale	   of	   joint	   patterns	   along	   a	   vertical	   profile	   through	   the	   lavas.	   Examples	   of	   the	   three	  
components	  are	  summarised	  in	  Figures	  3.8	  and	  3.9,	  which	  show	  three	  units	  at	  the	  m-­‐scale	  
and	  one	  at	  the	  cm-­‐scale.	  Lavas	  with	  thicknesses	  >2	  m	  were	  present	  but	  difficult	  to	  access	  to	  
conduct	   detailed	   logging.	   Vesicularity	   and	   joint	   scaling,	   however,	   shows	   internally	  
consistent	   characteristics	   at	   a	   range	   of	   lava	   unit	   thicknesses	   from	   tens	   of	   cm	   to	   >2	   m	  
(Figures	  3.8	  and	  Figure	  3.9),	  consistent	  with	  published	  studies	  of	  pahoehoe	  lava	  units	  (e.g.	  
Planke	   et	   al.,	   1994;	   Self	   et	   al.,	   1998).	   Mechanical	   analysis	   required	   samples	   to	   be	  
representative	  of	   the	   internal	   structure	  of	   a	   lava	  unit,	   hence	   samples	  did	  not	  need	   to	  be	  
taken	  as	  a	  continuous	  transect	  from	  a	  single	  lava.	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Figure	  3.8.	  Examples	  lava	  stratigraphy	  of	  units	  exposed	  along	  the	  Kulanaokuaiki	  Fault	   in	  the	  Koa’e	  
fault	   system,	   Hawai’i.	   Cores	   show	   the	   lowest	   vesicle	   concentrations.	   Unit	   tops	   are	   variable	   in	  
thickness,	   but	   thinner	   than	   core	   components	   with	   weathered	   tops	   and	   the	   largest	   vesicle	  
concentrations.	   Unit	   bases	   are	   typically	   approximately	   half	   the	   thickness	   of	   the	   cores.	   Vesicle	  
distributions	  are	  variable	  and	  geometries	  are	  often	  flattened,	  and	  elongate	  rather	  than	  spherical.	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Figure	  3.9.	  Example	  of	  lava	  stratigraphy.	  Characteristics	  for	  each	  component	  are	  comparable	  to	  lava	  
units	  with	  thicknesses	  of	  1-­‐2	  m	  (Figure	  3.8)	  and	  pahoehoe	  lavas	  from	  other	  basalt	  provinces,	  such	  as	  
Iceland	  or	  the	  	  Columbia	  river	  where	  thicknesses	  exceed	  10-­‐20	  m	  (Self	  et	  al.,	  1998).	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Figure	  3.10.	  	  Example	  of	  lava	  unit	  demonstrating	  the	  three	  components:	  top,	  core,	  base.	  Images	  a-­‐
b	  show	  the	  location	  of	  samples	  within	  the	  unit.	  a)	  Rubbly,	  oxidised	  upper	  unit	  top	  surface.	  b)	  Unit	  
top.	  c)	  Dense	  unit	  core.	  d)	  Unit	  base.	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To	  avoid	   inducing	  any	  microfracturing	  during	  the	  sampling	  process,	  blocks	  that	  could	  be	  
lifted	  free	  from	  the	  rock	  face	  by	  exploiting	  natural	  rock	  fractures	  or	  joints	  were	  sampled,	  
rather	   than	   hammering	   samples	   out.	   Due	   to	   research	   permit	   restrictions,	   sample	  
collection	  was	   limited	   to	  40	  kg,	  which	  provided	   four	  blocks	   from	   the	   targeted	  units:	   (1)	  
one	  from	  the	  upper	  part	  of	  the	  unit	  top;	  2)	  one	  from	  the	  lower	  part	  of	  the	  flow	  top;	  (3)	  
one	  from	  the	  core	  of	  the	  flow	  unit,	  and	  (4)	  a	  block	  from	  the	  base	  of	  the	  flow	  unit	  (Figure	  
3.10).	  
3.3.2. Sample	  Preparation	  
	  
	  
To	   experimentally	   reproduce	   the	   stress	   conditions	   required	   to	   nucleate	   and	   propagate	  
fractures	   through	   a	   dry,	   near-­‐surface	   intact	   solidified	   basaltic	   lava	   unit,	   the	   unconfined	  
compressive	  strengths	  of	  18	  samples	   (sourced	   from	  4	  blocks)	  were	  measured:	  8	   from	  the	  
upper	  unit	  top,	  4	  from	  the	   lower	  unit	  top,	  4	  from	  the	  unit	  core	  and	  2	  from	  the	  unit	  base.	  
Samples	  are	  considered	  to	  be	  comparable	  to	  subaerially	  quenched	   lava	  samples	  retrieved	  
from	  depths	  of	  740-­‐1200	  m	  in	  boreholes	  that	  were	  drilled	  to	  a	  depth	  of	  ~2	  km	  in	  Kilauea’s	  
East	  Rift	  Zone	  (Quane	  et	  al.,	  2000).	  
Uniaxial	   compressive	   strength	   testing	   requires	   test	   samples	   with	   a	   length	  
approximately	  two	  times	  the	  diameter	  to	  avoid	  the	  build	  up	  of	  pressure	  at	  either	  end	  that	  is	  
in	  contact	  with	  the	  apparatus,	  and	  thus	  to	  ensure	  the	  even	  distribution	  of	  stress	  throughout	  
the	   sample	   (ASTM,	   2008).	   Samples	   should	   also	   be	   prepared	   so	   that	   the	   diameter	   is	   ten	  
times	   the	   diameter	   of	   the	   largest	   grain	   or	   pore	   to	   remove	   the	   risk	   of	   edge	   effects	   and	  
related	  failure	  (Fairhurst	  and	  Hudson,	  1999).	  Lava	  samples	  for	  these	  tests	  have	  an	  average	  
diameter	  of	  37	  mm	  and	  an	  average	   length	  of	  74	  mm,	  giving	  a	   length	  to	  diameter	  ratio	  of	  
2:1.	  Average	  pore	  diameter	  in	  the	  highest	  porosity	  samples	  (unit	  top)	  of	  2.5-­‐3.0	  mm.	  Due	  to	  
permit-­‐enforced	   limitations	   on	   sample	   collection,	   a	   choice	   between	   a	   greater	   number	   of	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small	   cores	   or	   a	   small	   number	   of	   large	   cores	   had	   to	   be	   made.	   For	   the	   purposes	   of	  
reproducibility,	   38	   mm	   diameter	   cores	   were	   selected	   to	   increase	   the	   number	   of	   tests	  
possible.	  A	  diameter	  less	  than	  this	  would	  produce	  a	  greater	  number	  of	  samples	  to	  test	  but	  
larger	  vesicles	   in	  some	  of	   the	  samples	  would	  exceed	  the	  10:1	  ratio	  of	  diameter	   to	  vesicle	  
size.	  	  
To	   identify	  and	  characterise	  any	   three-­‐dimensional	  mechanical	  anisotropy,	   samples	  
were	  cored	  in	  two	  orthogonal	  orientations	  (Figure	  3.11):	  (1)	  a	  vertical	  core,	  oriented	  normal	  
to	  the	  bedding	  contacts	  between	  lava	  units	  and,	  (2)	  a	  horizontal	  core,	  oriented	  parallel	  to	  
the	  bedding	  contacts	  direction.	  	  	  
	  
Figure	  3.11.	  	  Sample	  orientations.	  a)	  Horizontal	  and	  vertical	  directions	  are	  measured	  and	  marked	  on	  
each	  rock	  sample	  along	  with	  top	  and	  base	  positions	  before	  they	  are	  removed.	  b)	  Vertical	  directions	  
represent	   the	  planes	  oriented	  normal	   to	   the	  orientation	  of	  bedding	  surfaces.	  Horizontal	  directions	  
represent	   planes	   parallel	   to	   bedding	   surfaces.	   c)	   Each	   sample	   was	   cored	   along	   these	   orthogonal	  
planes	  to	  fully	  characterise	  any	  strength	  anisotropy.	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Figure	  3.12.	  	  Machine	  grinding	  of	  sample	  ends.	  a)	  Ends	  are	  covered	  in	  chalk,	  levelled	  and	  placed	  in	  a	  
vice.	  b)	  Two	  stages	  of	  grinding	  takes	  place:	  a	  coarse	  and	  fine	  pass.	  The	  first	  pass	   is	  complete	  when	  
the	  chalk	  is	  removed.	  Surfaces	  are	  then	  re-­‐chalked	  and	  the	  second,	  fine	  pass	  begins.	  	  
	  
For	   samples	   to	   fit	   the	   tolerance	  of	  ASTM	   (2008)	  method	   requirements	   for	   straightness,	  
flatness	   and	  perpendicularity,	   each	  of	   the	   cored	   cylinders	  was	   smoothed	  using	   grinding	  
machinery	   (Figure	   3.12),	  which	  produces	   surfaces	   that	   are	   flat	   to	  within	   0.002	  mm	  and	  
perpendicular	   to	   the	   cylinder	   axis	   by	   no	  more	   than	   0.001	   radians.	   Precision	   grinding	   of	  
sample	   surfaces	   limits	   potential	   stress	   concentrations	   and	   ensures	   even	   distribution	   of	  
stress	  through	  the	  sample.	  
	  
3.3.3. Measuring	  Porosity	  and	  Density	  
The	  physical	  characteristics	  of	  a	  rock	  (e.g.	  porosity	  and	  density)	  have	  significant	  implications	  
for	   the	   strength	  and	  deformability	  of	   the	  material.	   In	  basaltic	   lavas	   the	  principal	   porosity	  
comes	   from	   their	   vesicularity,	   therefore,	   prior	   to	  measuring	   the	   unconfined	   compressive	  
strength,	   each	   sample	   was	   tested	   for	   porosity	   and	   density.	   These	   properties	   were	  
measured	  using	  the	   ISRM	  suggested	  methodology	  (Bieniawski	  and	  Bernede,	  1979b).	  Since	  
density	   is	   related	   to	   the	   grain	  mass,	   volume,	   and	   porosity,	   it	   is	   possible	   to	   calculate	   one	  
parameter	  if	  the	  others	  are	  known.	  For	  full	  procedure	  details,	  see	  Appendix	  I.	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Effective	  porosity	  	  (P),	  or	  the	  proportion	  of	  voids	  per	  unit	  of	  total	  volume	  becomes:	  
Equation	  3.3:	  
𝑷 =   𝑽𝒗𝑽   ×  𝟏𝟎𝟎	  
	  
Where	  
	  𝑽𝒗	  =	  Pore	  volume	  𝑽	  =	  Bulk	  volume	  
	  
In	  soil	  mechanics,	  it	  is	  assumed	  that	  all	  of	  the	  pore	  space	  in	  the	  material	  is	  interconnected.	  
This	   is	   not	   the	   case	   for	   rocks,	   therefore	   the	   resulting	   figure	   is	   measurement	   of	   the	  
interconnected	  pores	  only	  and	  represents	  an	  effective	  porosity	  rather	  than	  a	  total	  porosity,	  
which	  would	  also	  include	  isolated	  voids.	  
3.3.4. Unconfined	  Compressive	  Strength	  	  
	  
Uniaxial	   compression	   of	   cylindrical	   samples	   provides	   a	   measurement	   of	   the	   unconfined	  
compressive	   strength	   (measured	   in	  MPa),	   and	   elastic	   properties:	   Young’s	  modulus	   (GPa)	  
and	  Poisson’s	  ratio	  (dimensionless)	  for	  each	  flow	  unit	  component	  (Figure	  3.13).	  Rocks	  were	  
experimentally	   taken	   to	   failure	   under	   analogous	   near-­‐surface	   stress	   conditions	   to	   those	  
inducing	  failure	  in	  the	  Koa’e	  fault	  system	  in	  the	  upper	  0.5-­‐4	  km	  of	  Kilauea’s	  south	  flank	  (Lin	  
and	   Okubo,	   2016),	   using	   an	   MTS	   815	   servo-­‐controlled	   hydraulic	   rock	   mechanics	   testing	  
system	  with	  a	  4600kN	  loading	  frame.	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Figure	  3.13.	  Prepared	   samples	   from	  each	   lava	  unit	  component	   in	  each	  sample	  orientation	  and	  the	  
applied	  stress	  direction.	  a)	  Upper	  unit	  top.	  b)	  Lower	  unit	  top.	  c)	  Unit	  core.	  d)	  Unit	  base.	  
The	  measurement	  of	  unconfined	  compressive	  strength	  was	  conducted	  in	  accordance	  with	  
the	  ISRM	  suggested	  methodology	  (Bieniawski	  and	  Bernede,	  1979a,	  Fairhurst	  and	  Hudson,	  
1999).	   Following	   coring	   and	   precision	   grinding,	   axial	   and	   lateral	   strain	   gauges	   were	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attached	  to	  the	  samples	  (Figure	  3.14)	  to	  obtain	  a	  complete	  stress-­‐strain	  curve.	  	  To	  reduce	  
the	   effects	   of	   specimen	   non-­‐parallelism,	   a	   spherical	   seated	   upper	   loading	   platen	   was	  
used,	  the	  radius	  of	  which	  was	  slightly	  larger	  than	  the	  radius	  of	  the	  samples	  being	  tested.	  
Samples	  were	  positioned	  so	  that	  their	  top	  surface	  coincided	  with	  the	  centre	  point	  of	  the	  
spherical	  seat.	  	  	  
	  
	  
Figure	  3.14.	  Preparing	  samples	  for	  uniaxial	  
compressive	   strength	   testing:	   Samples	  are	  
cored	   and	   precision	   ground	   to	   produce	  
cylinders	   36	   mm	   in	   diameter	   and	   70-­‐73	  
mm	   in	   length,	   resulting	   in	   a	   length:	  
diameter	   ratio	   of	   2:1.	   A	   104	  mm	   chain	   is	  
wrapped	  around	  the	  centre	  of	  each	  sample	  
to	   measure	   lateral	   strain	   throughout	   the	  
test.	  On	  opposite	  sides	  of	  the	  samples,	  two	  
50	  mm	  axial	  gauges	  are	  attached.	  	  	  
	  
	  
Direct	   contact	   extensometers	   were	   employed	   to	   measure	   axial	   and	   lateral	   strain:	   axial	  
gauges	  had	  a	  length	  of	  50	  mm	  and	  lateral	  chains	  were	  104.4	  mm	  long.	  Axial	  gauges	  of	  this	  
length	   covered	  more	   of	   the	   sample	   but	   potentially	   recorded	   deformations	   pertaining	   to	  
edge	  effects.	  A	  smaller	  axial	  gauge	  could	  have	  been	  attached	  to	  the	  sample	  but	  this	  would	  
have	  collected	  readings	  from	  a	  smaller	  area	  that	  may	  not	  have	  been	  representative	  of	  the	  
whole	  sample.	  During	  each	   test,	  a	  constant	  strain	   rate	  control	  mode	  was	  used	  where	   the	  
machine	  adjusts	  axial	  stress	  accordingly	  throughout	  the	  test.	  For	  the	  duration	  of	  each	  test,	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axial	   and	   lateral	   strain	   were	   measured	   and	   recorded	   continuously	   using	   these	   gauges.	  
Testing	  of	  brittle	  materials	  under	  axial	  compression	  has	  shown	  that	  the	  use	  of	  axial	  strain	  
control	   is	   often	   insufficient	   in	   bringing	   rock	   to	   failure	   at	   a	   controlled	   rate	   once	   the	   peak	  
stress	  has	  been	  attained	  (Bieniawski	  and	  Bernede,	  1979a,	  Fairhurst	  and	  Hudson,	  1999).	  This	  
is	  related	  to	  the	  characteristics	  of	  the	  stress-­‐strain	  curve	  following	  peak	  stress:	  samples	  that	  
behave	   in	   a	  more	   ductile	  manner	   will	   display	   a	   class	   I	   curve,	   whereas	   a	   class	   II	   curve	   is	  
typical	  for	  materials	  that	  respond	  in	  a	  more	  brittle	  manner	  (Figure	  3.15).	  
	  
	  
Figure	  3.15.	  Characteristic	  stress-­‐strain	  curves	  depicting	  class	  I	  and	  class	  II	  behaviour	  of	  rock	  failure	  
during	  uniaxial	  compression	  (from	  Fairhurst	  and	  Hudson,	  1999).	  
For	   class	   II	   behaviour,	   the	   corresponding	   curve	  does	   not	  monotonically	   increase	   in	   strain	  
and	  the	  machine	  is	  unable	  to	  respond	  efficiently	  to	  the	  unloading	  in	  axial	  strain	  control.	  It	  is	  
therefore	   recommended	   that	   lateral	   strain	   control	   be	  used.	  Accordingly,	   testing	  began	   in	  
axial	   strain	   control	   at	   a	   continuous	   strain	   rate	   of	   5	   x10-­‐6	   mm/s;	   swapping,	   manually,	   to	  
lateral	   strain	   control	   at	   approximately	   70%	  of	   the	   peak	   stress,	  when	   strain	   rate	   equals	   ~	  
0.001	  mm	  per	  2.5	  secs,	  to	  a	  rate	  of	  5	  x10-­‐4	  mm/s.	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Measurement	  of	  the	  applied	  load	  is	  obtained	  from	  the	  built-­‐in	  load	  cell,	  and	  strain	  is	  
recorded	   from	   the	   strain	   gauges	   throughout	   the	   procedure.	   Compressive	   stress	   is	  
calculated	  as	  the	  applied	  compressive	  load	  divided	  by	  the	  initial	  cross-­‐sectional	  area	  of	  each	  
sample.	  Axial	  and	  lateral	  strain	  are	  calculated	  as	  follows:	  
Equation	  3.4:	  
𝜖!"#!$ =   Δ𝜄𝜄! 	  
Where	  𝑙! =  Original	  length	   	  Δ! 	  =	  Change	  in	  length	  
Equation	  3.5:	  
𝝐𝒄𝒊𝒓𝒄𝒖𝒎𝒇𝒆𝒓𝒆𝒏𝒕𝒊𝒂𝒍 =   Δ!𝑐!     	  
	  
Where	  𝑐! =  Original	  circumference	  Δ! 	  =	  Change	  in	  diameter	  
	  
	  
The	  results	  of	  equations	  3.4	  and	  3.5	  are	  plotted	  against	  compressive	  stress	  to	  give	  complete	  
stress-­‐strain	  curves,	  which	  are	  used	  to	  characterise	  the	  response	  of	  each	  component	  of	  the	  
lava,	  in	  orthogonal	  orientations,	  to	  the	  applied	  stress	  in	  unconfined	  and	  dry	  conditions.	  	  
	  
3.4. Results	  
3.4.1. Porosity	  and	  Density	  
The	  porosity	  and	  density	  of	  50	  specimens	  were	  tested:	  18	  of	  these	  specimens	  were	  36	  mm	  
diameter	  cylinders	   that	  were	  tested	  prior	   to	  UCS	  testing	  and	  the	  remaining	  32	  specimens	  
were	  ~8	  cm3	  pieces	  of	  off-­‐cut	  material.	  The	  upper	  portion	  of	  the	  lava	  unit	  top	  demonstrates	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the	  highest	  effective	  porosities,	  with	  an	  average	  of	  27.04%	  and	  a	  maximum	  of	  30.81%.	  Dry	  
densities	  show	  the	  lowest	  values	  for	  this	  component	  at	  2.1	  g/cm3.	  The	  lower	  portion	  of	  the	  
lava	   unit	   top	   show	   slightly	   lower	   effective	   porosities,	   with	   an	   average	   of	   20.15%	   and	   an	  
average	   dry	   density	   of	   2.32	   g/cm3.	   The	   core	   of	   the	   lava	   unit	   shows	   the	   lowest	   effective	  
porosities,	  with	  an	  average	  of	  12.91%	  and	  the	  highest	  average	  dry	  densities	  of	  2.63	  g/cm3.	  
The	  base	  of	  the	  lava	  unit	  has	  intermediate	  values	  for	  both	  effective	  porosity	  (average	  16.31	  
%)	  and	  dry	  density	  (average	  2.54	  g/cm3).	  Overall,	  there	  is	  a	  good	  linear	  correlation	  between	  
effective	  porosity	  and	  density	  for	  each	  sample	  orientation	  (Figure	  3.16).	  All	  measurements	  
of	  density	  and	  effective	  porosity	  for	  each	  lava	  unit	  component	  are	  shown	  in	  Appendix	  I.	  
	  
Figure	  3.16.	  Variation	  of	  dry	  density	  with	  porosity	  for	  each	  sample	  orientation.	  a)	  bedding-­‐normal.	  b)	  
bedding-­‐parallel.	  
There	   are	   systematic	   increases	   in	   porosity	   outwards	   from	   the	   core	   of	   the	   lava	   unit,	  
increasing	  to	  a	  maximum	  in	  the	  unit	  tops	  (Figure	  3.17).	  As	  expected,	  these	  correlate	  strongly	  
with	  variations	  in	  dry	  density.	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Figure	  3.17.	  	  Variation	  of	  effective	  porosity	  with	  density	  for	  each	  component	  of	  the	  lava	  unit	  in	  both	  
sample	  orientations.	  
Any	   internal	  variations	  of	  porosity	  and	  density	  within	  these	  components	  may	  be	  related	  
to	   the	   amount	   of	   interconnected	   pore	   space	   or	   the	   presence	   of	   macropores	   in	   each	  
sample.	  
	  
3.4.2. Unconfined	  Rock	  Strength	  
Uniaxial	   compression	   tests	   were	   conducted	   on	   18	   cylindrical	   samples:	   10	   of	   these	   were	  
oriented	   normal	   to	   the	   bedding	   contacts	   and	   8	   were	   oriented	   parallel	   to	   the	   bedding	  
contacts.	   Failure	   of	   each	   sample	  was	   associated	  with	   the	   initial	   development	   of	  multiple	  
vertical	  mode-­‐I	  fractures	  that	  coalesce	  to	  form	  conjugate,	  or	  partial	  conjugate,	  extensional-­‐
shear	  fractures	  (Figure	  3.18).	  There	  is	  a	  broadly	  inverse	  linear	  relationship	  between	  porosity	  
and	   unconfined	   compressive	   (UC)	   strength	   in	   both	   bedding-­‐parallel	   and	   bedding-­‐normal	  
sample	   orientations	   (Figure	   3.19a	   and	   b)	   and	   an	   approximately	   linear	   increase	   in	   UC	  
strength	  with	  dry	  density	  (Figure	  3.19c	  and	  d).	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Figure	  3.18.	  Examples	  of	  tested	  samples	  from	  each	  lava	  unit	  component	  in	  each	  sample	  orientation	  
and	  the	  applied	  stress	  direction:	  a)	  Upper	  unit	  top.	  b)	  Lower	  unit	  top.	  c)	  Unit	  core.	  d)	  Unit	  base.	   In	  
each	   case,	   samples	   exhibit	   numerous	   vertical	   extension	   (mode	   I)	   fractures,	   that	   linked	   to	   form	  
subvertical	   through	   going,	   and	   partial,	   conjugate	   shear	   fracture	   sets,	   highlighted	   by	   the	   dotted	  
yellow	  lines.	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The	  highest	  UC	   strengths,	   and	   lowest	  porosities	   are	   found	   in	   the	   lava	  unit	   core	   in	  both	  
sample	  orientations.	  In	  the	  bedding-­‐parallel	  orientation	  the	  lava	  core	  is	  30%	  stronger	  than	  
the	  lower	  lava	  unit	  top,	  which	  shows	  a	  relative	  porosity	  increase	  of	  5%,	  and	  the	  unit	  core	  
is	  ~52%	  stronger	  than	  the	  upper	  portion	  of	  the	  lava	  unit	  top,	  which	  shows	  a	  relative	  16%	  
increase	   in	  porosity.	   From	   the	   lava	  unit	   core	   to	   the	  base	   there	   is	   a	  46%	  decrease	   in	  UC	  
strength	  with	  a	  4%	  increase	  in	  porosity.	  
	  
	  
Figure	   3.19.	   Variation	   in	   unconfined	   compressive	   strength	   with	   effective	   porosity	   for	   each	   lava	  
component	   (red:	   upper	   top;	   green:	   lower	   top;	   orange:	   core;	   blue:	   base).	   a)	   Bedding-­‐parallel	  
orientations.	  b)	  Bedding-­‐normal.	   c)	  Variations	   in	  unconfined	  compressive	   strength	  with	  density	   for	  
bedding-­‐parallel	  samples.	  d)	  Bedding-­‐normal	  samples.	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There	  is	  a	  UC	  strength	  reduction	  of	  35%,	  with	  a	  porosity	  increase	  of	  11%	  between	  the	  lava	  
unit	  core	  and	  lower	  lava	  unit	  top	  in	  bedding-­‐normal	  orientations	  and	  a	  reduction	  of	  32%	  in	  
the	  upper	  portion	  of	  the	  unit	  top,	  with	  a	  13%	  increase	  in	  porosity.	  There	  is	  a	  75%	  increase	  
(30%	  more	  than	  the	  bedding-­‐parallel	  orientation)	  in	  UC	  strength	  from	  the	  lava	  unit	  base	  to	  
the	   core,	   but	   only	   a	   3%	   decrease	   in	   porosity.	   These	   results	   highlight	   that	   even	   small	  
increases	  in	  porosity	  will	  have	  a	  significant	  effect	  on	  the	  resulting	  UC	  strength	  of	  the	  rock.	  	  
Complete	   stress-­‐strain	   curves	   for	   each	   unit	   component	   (Figures	   3.20-­‐23;	   summary	  
plot:	  Figure	  3.24)	  in	  both	  orientations,	  can	  all	  be	  divided	  into	  the	  5	  stress-­‐strain	  stages	  and	  
highlight	   pronounced	   variations	   in	   unconfined	   compressive	   strength	   (for	   full	   plots,	   of	   all	  
samples	   tested,	   see	   Appendix	   I).	   Unit	   core	   samples	   are	   the	   strongest,	   irrespective	   of	  
compression	   direction,	   with	   peak	   strengths	   of	   106	   MPa	   (bedding-­‐parallel)	   and	   91	   MPa	  
(bedding-­‐normal).	   Samples	   from	   the	   unit	   top	   show	   some	   variability	   in	   UC	   strengths	   but	  
values	  are	  consistently	   lower	   than	   the	  unit	   core	  at	  45-­‐80	  MPa.	   Lava	  unit	  bases,	  however,	  
show	   a	   more	   complicated	   relationship:	   the	   sample	   that	   was	   cored	   parallel	   to	   bedding	  
demonstrates	  a	  UC	  strength	  of	  60	  MPa,	   similar	   to	   those	  of	   the	  unit	   top.	  The	  sample	   that	  
was	  cored	  normal	  to	  bedding,	  however,	  shows	  a	  UC	  strength	  of	  16	  MPa,	  substantially	  lower	  
than	  the	  rest	  of	  the	  basaltic	  lava.	  These	  strength	  patterns	  are	  summarised	  in	  Figure	  3.24.	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Figure	  3.20.	  Example	  of	  axial	  stress	  Vs	  strain	  curves	  for	  (upper)	  top	  lava	  samples.	  a)	  Bedding-­‐parallel.	  
b)	   Bedding-­‐normal	   orientations.	   Both	   graphs	   show	   axial	   strain,	   lateral	   strain	   and	   volumetric	   strain	  
curves	  (for	  all	  stress-­‐strain	  curves,	  please	  see	  Appendix	  I).	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Figure	  3.21.	  Example	  of	  axial	  stress	  Vs	  strain	  curves	  for	  (lower)	  top	  lava	  samples.	  a)	  Bedding-­‐parallel.	  
b)	   Bedding-­‐normal	   orientations.	   All	   graphs	   show	   axial	   strain,	   lateral	   strain	   and	   volumetric	   strain	  
curves	  (for	  all	  stress-­‐strain	  curves,	  please	  see	  Appendix	  I).	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Figure	   3.22.	   Example	   of	   axial	   stress	   Vs	   strain	   curves	   for	   lava	   core	   samples.	   a)	   Bedding-­‐parallel.	   b)	  
Bedding-­‐normal	  orientations.	  All	  graphs	  show	  axial	  strain,	   lateral	  strain	  and	  volumetric	  strain	  curves	  
(for	  all	  stress-­‐strain	  curves,	  please	  see	  Appendix	  I).	  
	   	   Chapter	  3	  
 
	   	   	  80	  
	  
Figure	   3.23.	   Example	   of	   axial	   stress	   Vs	   strain	   curves	   for	   lava	   base	   samples.	   a)	   Bedding-­‐parallel	   b)	  
Bedding-­‐normal	  orientations.	  All	  graphs	  show	  axial	  strain,	   lateral	  strain	  and	  volumetric	  strain	  curves	  
(for	  all	  stress-­‐strain	  curves,	  please	  see	  Appendix	  I).	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Figure	  3.24.	  A	  comparison	  of	  full	  stress-­‐strain	  curves	  for	  all	  samples.	  a)	  Bedding-­‐parallel.	  b)	  Bedding-­‐
normal.	   Dashed	   lines	   represent	   axial	   strain,	   dotted	   lines	   show	   lateral	   strain	   and	   solid	   lines	  
demonstrate	  variations	  in	  volumetric	  strain	  with	  stress.	  Orange	  lines	  are	  unit	  core	  results;	  green	  are	  
unit	  top	  (lower);	  red	  are	  unit	  top	  (upper);	  and	  blue	  are	  data	  from	  unit	  bases.	  (ci-­‐iv)	  Examples	  of	  pre-­‐	  
and	   post-­‐failure	   samples.	   Major	   fractures	   are	   highlighted	   by	   yellow	   dashed	   lines.	   Cylinders	   have	  
diameters	  of	  36	  mm.	  
3.4.3. Young’s	  Modulus	  
In	   addition	   to	   having	   a	   profound	   influence	   on	   the	   UC	   strength	   of	   materials,	   there	   is	   a	  
positive	  correlation	  between	  porosity	  (and	  density)	  and	  the	  calculated	  Young’s	  modulus	  for	  
the	  samples.	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Data	   from	   the	   top	   of	   the	   upper	   portion	   of	   the	   lava	   top	   shows	   a	   large	   amount	   of	  
variability	   in	  elastic	  modulus,	   and	   results	   are	  broadly	  anomalous	   compared	   to	   the	   rest	  of	  
the	  unit.	  Samples	  from	  this	  component	  range	  from	  15-­‐23	  GPa	  with	  an	  average	  of	  21.3	  GPa.	  
Results	  from	  the	  both	  sample	  orientations	  from	  the	  lower	  portion	  of	  the	  lava	  top	  show	  less	  
variability,	  with	  values	  of	  15-­‐18	  GPa	  and	  an	  average	  of	  17.2	  GPa.	  Results	  from	  the	  core	  zone	  
are	  also	  relatively	  uniform,	   in	  both	  orientations,	  with	  values	  ranging	  from	  18-­‐20	  GPa	  with	  
an	  average	  of	  19.4	  GPa.	  Samples	  from	  the	  unit	  base	  show	  markedly	  different	  values	  in	  each	  
of	  the	  sample	  orientations.	  The	  sample	  in	  the	  bedding-­‐parallel	  orientation	  shows	  a	  Young’s	  
modulus	   of	   16.1	   GPa	   (and	   UCS	   of	   60	   MPa)	   whereas	   the	   bedding-­‐normal	   orientation	  
demonstrates	   a	   Young’s	   modulus	   of	   5.4	   GPa	   (and	   UCS	   of	   16	   MPa).	   There	   is	   a	   positive	  
correlation	  between	  UC	  strength	  and	  Young’s	  modulus	   for	  all	   samples,	  except	   those	   from	  
the	  upper	  lava	  unit	  top	  (Figure	  3.25a	  and	  b).	  
	  
	  
Figure	  3.25.	  Comparison	  of	  Young’s	  modulus	  with	  varying	  UC	  strength	  for	  each	  of	  the	  basaltic	   lava	  
components	  in	  (a)	  bedding-­‐parallel	  and	  (b)	  bedding-­‐normal	  orientations.	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3.5. Discussion	  
For	  a	  vertical	  transect	  through	  a	  solidified	  basaltic	  lava,	  the	  upper	  portions	  of	  the	  lava	  unit	  
top	   shows	   the	   greatest	   effective	   porosities	   (~30%),	   but	   intermediate	   UC	   strengths	   of	  
~60MPa	   and	   highly	   variable	   values	   of	   Young’s	  modulus	   (15-­‐23	   GPa:	   Figure	   3.26a	   and	   b).	  
This	  variability	  is	  not	  unexpected	  and	  may	  be	  a	  function	  of	  heterogeneous	  and	  anisotropic	  
pore	  space:	  samples	  from	  this	  part	  of	  the	  lava	  show	  a	  range	  of	  vesicles	  diameters	  (mm-­‐cm	  
in	  scale)	  and	  a	  non-­‐uniform	  distribution.	  
	  
Figure	  3.26.	  Vertical	  mechanical	  stratigraphy	  through	  a	  basaltic	  lava.	  The	  lava	  core	  zone	  is	  the	  stiffest	  
and	  strongest,	  followed	  by	  the	  lava	  top.	  Lava	  bases	  are	  the	  softest	  and	  least	  strong	  component.	  
Experimental	  characterisation	  of	  the	  elastic	  modulus	  for	  such	  highly	  anisotropic	  materials	  is	  
known	  to	  be	  challenging	  (Jaeger	  et	  al.,	  2007).	  A	  more	  homogenous	  porosity	  may	  result	   in	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more	   uniform	   measurements	   of	   UC	   strength	   and	   Young’s	   modulus.	   A	   reduction	   in	   the	  
porosity	  of	  unit	  core	  samples	  (12-­‐13%)	   increases	  both	  the	  stiffness	  of	  the	  material	  (Figure	  
3.27a	  and	  b)	  to	  ~20	  GPa,	  and	  the	  UC	  strength	  (90-­‐110	  MPa),	   in	  both	  sample	  orientations.	  
The	   base	   component	   (in	   both	   sample	   orientations)	   is	   characterised	   by	   an	   intermediate	  
effective	   porosity	   (~16%),	   much	   of	   which	   is	   associated	   with	   flattened,	   oblate	   vesicles.	  
Samples	  from	  the	  unit	  base	  however,	  show	  markedly	  different	  values	  for	  UC	  strength	  and	  
Young’s	  modulus	   for	  each	   sample	  orientations,	  despite	   similar	  porosities	   (16%:	   see	   figure	  
3.27a	  and	  b).	  The	  sample	   in	   the	  bedding-­‐parallel	  orientation	  shows	  a	  Young’s	  modulus	  of	  
16.1	  GPa	  and	  a	  UCS	  of	  60	  MPa,	  whereas	   the	  bedding-­‐normal	  orientation	  demonstrates	  a	  
Young’s	   modulus	   of	   5.4	   GPa	   and	   UCS	   of	   16	   MPa,	   thereby	   defining	   “stiff	   and	   strong”	  
orientation	  and	  a	  “soft	  and	  weak”	  orientation.	  Rotating	  the	  sample	  by	  90°	  into	  the	  bedding-­‐
parallel	   orientation	   increases	   the	   Young’s	   modulus	   by	   10%;	   this	   increase	   appears	   to	   be	  
associated	  with	  a	  change	  in	  pore	  geometry	  alone.	  
	  
	  
Figure	   3.27.	  Comparison	  of	  porosity	  and	  Young’s	  modulus	   for	  each	  of	   the	   lava	  components	   	   in	   (a)	  
bedding-­‐normal,	  and	  (b)	  bedding-­‐parallel	  orientations.	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Studies	  of	  porous	  ceramics	  and	  metals	  show	  that	  materials	  with	  the	  highest	  porosities	  have	  
the	   lowest	   UC	   strength	   (e.g.	   Fleck	   and	   Smith,	   1981;	   Rice,	   1998;	   Nakamura	   et	   al.,	   2000).	  
Notably	   this	   is	   not	   the	   case	   for	   the	  Hawaiian	  basalt	   samples,	  with	   the	   lava	  base	   showing	  
intermediate	  porosities,	   but	  either	   substantially	   lower	  UC	   strengths	   (16.8	  MPa)	  or	   similar	  
UC	  strengths	  to	  the	  higher	  porosity	  components	  (59.67	  MPa).	  	  
Vesicle	   geometry	   and	   distribution	   appears	   to	   be	   the	   more	   significant	   factor	   in	  
controlling	   the	   brittle	   response	   of	   the	   rock	   than	   total	   porosity:	   the	   porosity	   difference	  
between	   the	   core	   and	   base	   is	   ~3%,	   but	   compressive	   strength	   decreases	   by	   75%.	   The	  
difference	   in	   effective	   porosity	   between	   the	   core	   and	   the	   lava	   top	   is	   about	   11%,	   yet	   the	  
decrease	  in	  strength	  (32%)	  is	  only	  minor	  (Figure	  3.26).	  
It	  is	  common	  for	  crystalline	  rocks	  to	  contain	  flaws	  that	  have	  the	  potential	  to	  behave	  
as	  mechanical	  inclusions	  that	  exert	  a	  strong	  influence	  on	  the	  response	  of	  these	  rocks	  to	  an	  
applied	   load.	   For	   porous	   solids,	   this	   has	   been	   shown	   even	  when	   total	   porosities	   are	   low	  
(Jaeger	  et	  al.,	  2007).	  Data	  presented	  in	  this	  chapter	  supports	  this	  hypothesis,	  but	  suggests	  
that	   total	   porosity,	   a	   scalar	   quantity,	   on	   it’s	   own	   does	   not	   account	   for	   variations	   in	   rock	  
strength.	   Pore	   geometry	   and	   orientation	   with	   respect	   to	   an	   applied	   stress	   may	   also	   be	  
important.	  
3.5.1. Mechanical	  Properties	  of	  Porous	  Solids	  
Experimental	   analyses	   of	   porous	   materials	   have	   recognised	   a	   link	   between	   porosity	   and	  
density	  with	  brittle	   strength	  and	   fracture	   toughness	   (e.g.	   Li	  et	  al.,	  2004;	  Nakajima,	  2007).	  
The	  mechanical	  properties	  of	  ceramics	  are	  also	  strongly	  influenced	  by	  physical	  attributes	  of	  
the	   material,	   including	   grain/pore	   size,	   shape,	   and	   orientation.	   It	   has	   been	   shown	  
numerically	  and	  experimentally	  that	  there	  is	  an	  inverse	  relationship	  between	  porosity	  and	  
strength,	   and	   grain	   or	   pore	   size	   and	   strength	   for	   a	   range	   of	   man-­‐made	   and	   natural	  
materials,	   including:	   (1)	   ceramic	  materials	   (Rice,	  1998;	  Boccaccini,	   1999;	  Nakamura	  et	   al.,	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2000;	  Leguillon	  and	  Piat,	  2008);	  (2)	  sintered	  steel	  (Fleck	  and	  Smith,	  1981);	  (3)	  lotus	  copper	  
(Nakajima,	  2007);	   (4)	   sandstone	   (Dunn	  et	  al.,	   1973;	  Palchik,	  1999;	  Tuǧrul,	   2004;	  Chang	  et	  
al.,	  2006;	  Sabatakakis	  et	  al.,	  2008;	  Heidari	  et	  al.,	  2013);	   (5)	   limestone	  (Palchik	  and	  Hatzor,	  
2002,	  2004;	  Tuǧrul,	  2004;	  Sabatakakis	  et	  al.,	  2008);	  (6)	  dolomite	  (Hatzor	  and	  Palchik,	  1998)	  
and	  (7)	  marls	  (Sabatakakis	  et	  al.,	  2008).	  In	  all	  of	  these	  examples,	  reduction	  in	  porosity,	  and	  
a	   corresponding	   increase	   in	   density,	   is	   associated	  with	   an	   increase	   in	   brittle	   strength,	   or	  
fracture	   toughness	   (Figure	   3.28a).	   In	   addition	   to	  brittle	   strength,	   a	   porosity	   (and	  density)	  
dependence	  of	  Young’s	  modulus	  also	  exists	  for	  these	  materials.	  Studies	  of	  lotus	  copper	  has	  
further	  identified	  directional	  anisotropies;	  pores	  oriented	  with	  their	  long	  axes	  normal	  to	  the	  
applied	   compressive	   stress	   were	   more	   easily	   deformed	   (open	   circles,	   Figure	   3.28b:	  
Nakajima,	  2007).	  
	  
Figure	   3.28.	   a)	   Comparison	   of	   experimental	   Young’s	   modulus	   results	   for	   porous	   ceramics	   with	  
different	   porosities	   (From	  Boccaccini	   and	   Fan,	   1997).	   b)	  Measurements	   of	   yield	   strength	   for	   lotus	  
copper	  with	  varying	  porosities,	  in	  two	  applied	  stress	  orientations	  (From	  Nakajima,	  2007).	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3.5.1.1. Mechanical	  Properties	  of	  Basalt	  
A	   small	   number	   of	   investigations	   have	   been	   conducted	   on	   basaltic	   lava	   samples	   with	  
varying	   porosities	   and	   densities.	   Primary	   porosities	   in	   basalts	   are	   associated	   with	   non-­‐
connected	   vesicles,	   and	  micro-­‐cracks	   related	   to	   cooling	   (Petford,	   2003;	  Gates,	   2008).	   The	  
scale	  and	  amount	  of	  either	  type	  of	  porosity	  has	  been	  shown	  to	  vary	  through	  individual	  lava	  
units,	   despite	   negligible	   compositional	   variation.	   Existing	   studies	   of	   the	   mechanical	  
properties	   of	   basalts,	   however,	   have	   not	   investigated	   the	   existence	   of	   a	   mechanical	  
stratigraphy,	   despite	   the	   presence	   of	   physical	   property	   variation	   (e.g.	   Cashman	   and	  
Kauahikaua,	   1997;	   Planke	   et	   al.,	   1999).	   Compressive	   strength	   demonstrates	   a	   strong	  
correlation	   with	   dry	   density	   (Figure	   3.19).	   This	   sits	   well	   with	   the	   findings	   of	   Tuğrul	   and	  
Gurpinar	   (1997)	  who	  found	  that	  strength	  values	  decreased	  from	  136	  MPa	  to	  3.69	  MPa	  at	  
densities	   of	   2.6-­‐2.0	   g/cm3.	   It	   has	   also	   been	   shown	   experimentally	   that	   the	   compressive	  
strength	  of	  basalt	  increases	  when	  vesicularity,	  and	  therefore	  porosity,	  is	  lower	  (Al-­‐Harthi	  et	  
al.,	   1999;	   Gates,	   2008).	   Experimental	   data	   in	   these	   studies	   show	   that	   larger	   increases	   in	  
compressive	  strength	  take	  place	  for	  porosities	  <10%	  and	  above	  this,	  the	  effect	  is	  less.	  Data	  
presented	   here	   show	   that	   changes	   in	   compressive	   strength	   are	   significant	   at	   effective	  
porosities	   of	   15%.	   Al-­‐Harthi	   et	   al.,	   (1999)	   compared	   the	   ratio	   of	   Young’s	   modulus	   to	  
Poisson’s	  ratio	  against	  UC	  strength	  for	  a	  range	  of	  different	  porosities	  (Figure	  3.29a).	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Figure	   3.29.	   a)	   Plot	   of	   the	   engineering	   classification	   of	   vesicular	   basalts:	   cross	   symbols	   represent	  
different	  porosities	  and	  demonstrate	  the	  relationship	  between	  UC	  strength	  and	  deformability	  from	  
Al-­‐Harthi	  et	  al.,	  1999	   (based	  on	  Turk	  and	  Dearman,	  1983).	  Deformability	  of	   lava	  components	   from	  
this	   thesis	   in	   bedding-­‐parallel	   (circles)	   and	   bedding-­‐normal	   (squares)	   orientations	   is	   plotted	   for	  
comparison.	  Using	  the	  deformability	  range	  of	  Al-­‐Harthi	  et	  al.,	  1999	  and	  Turk	  and	  Dearman,	  1983,	  it	  is	  
shown	   that	   the	   base	   unit	   of	   lavas	   (in	   bedding-­‐normal	   orientations:	   filled	   blue	   circle)	   are	   highly	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deformable	   relative	   to	   the	   rest	   of	   the	   lava.	   	   The	  other	   samples	   lie	   in	   the	  moderately	   deformable-­‐
strong	   field.	   b)	   Poisson’s	   ratio	   for	   each	   sample	  with	   upper	   and	   lower	   error	   bars	   to	   represent	   the	  
tangent	  and	  secant	  Poisson’s	  ratio	  respectively.	  Values	  vary	  by	  up	  to	  0.2-­‐0.25	  GPa	  depending	  on	  the	  
portion	  of	  the	  stress-­‐strain	  curve	  that	  is	  used	  to	  calculate	  it.	  Averages	  are	  used	  in	  this	  study.	  	  
For	  high	  porosities,	   they	   recorded	   low	  compressive	   strength	  and	   low	  deformability	   ratios	  
(Young’s	  modulus	  to	  Poisson’s	  ratio).	   	  Results	  are	  similar	  for	  the	  unit	  top	  (red	  open	  circles	  
and	   squares)	   implying	   that	   samples	   from	   this	   component	   fall	   into	   the	  moderately-­‐slightly	  
deformable	   and	   strong	   range	   of	   Turk	   and	   Dearman	   (1983)	   and	   Al-­‐Haarthi	   et	   al.	   (1999).	  
Samples	  from	  the	  unit	  base	  (filled	  blue	  circle	  and	  square	  in	  Figure	  3.29a)	  lie	  in	  two	  separate	  
fields	  of	   the	  deformability	  graph.	  The	  bedding-­‐normal	   sample	   (with	   the	   lowest	  UCS	  of	  16	  
MPa)	  lies	  in	  the	  highly	  deformable	  portion,	  and	  the	  bedding-­‐parallel	  sample,	  with	  the	  same	  
effective	  porosity,	   lies	   in	  the	  moderately	  deformable	  field.	  At	   lower	  porosities,	  and	  higher	  
UC	  strengths	  higher	  E/v	  ratios	  are	  expected,	  however	   large	  error	  bars	  associated	  with	  the	  
Poisson’s	  Ratio	  for	  these	  samples	  (Figure	  3.29b)	  place	  them	  in	  the	  moderately	  deformable	  
field	  with	  unit	  top	  samples.	  Unit	  cores	  exhibit	  the	  greatest	  UC	  strengths,	  lowest	  porosities,	  
and	  highest	  Young’s	  modulus,	  implying	  they	  should	  be	  much	  less	  deformable	  than	  the	  rest	  
of	  the	  unit	  (Figure	  3.29a).	  	  
Results	  presented	   in	  this	  thesis	  show	  some	  similarities	  with	  previous	  numerical	  and	  
experimental	   results	   but	   the	   directional	   strength	   anisotropy	   of	   lava	   unit	   base	   samples	   is	  
significantly	   anomalous.	   The	   relationship	   between	   total	   porosity,	   and	   pore	   geometry	   on	  
porous	   rock	   strength	   will	   have	   important	   implications	   for	   the	   long-­‐term	   strength	   of	  
materials	   but	   it	   remains	   poorly	   documented	   in	   geological	   literature.	   For	   basaltic	   lavas,	  
porosity	   has	   a	   profound	   effect	   on	   the	   development	   of	   fractures	   but	   further	   study	  would	  
identify	  whether	  pore	  geometry	  plays	  a	  greater	  role.	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3.5.2. Effect	  of	  Porosity	  on	  Fracture	  Growth	  
	  
Based	   on	   models	   of	   brittle	   failure	   in	   porous	   solids	   (e.g.	   ceramics,	   sintered	   steel)	   under	  
compression,	  circular	  holes	  or	  pores	  in	  rocks	  are	  expected	  to	  show	  concentrations	  of	  tensile	  
stresses	   at	   the	   north	   and	   south	   poles,	   which	   induces	   microcracking	   and	   redistributes	  
stresses	   into	   the	   surrounding	   intact	   rock	   (Sammis	   and	   Ashby,	   1986;	   Ingraffea,	   1989).	  
Vesicles	   in	   basalts	   are	   expected	   to	   behave	   in	   the	   same	  manner	   by	   concentrating	   tensile	  
stresses	  at	  the	  north	  and	  south	  poles	  and	  lowering	  the	  differential	  stress	  required	  to	  cause	  
catastrophic	  failure	  (Heap	  et	  al.,	  2014,	  2016	  ;	  Vasseur	  et	  al.,	  2015).	  Macrofractures	  should	  
propagate	  out	   from	  and	   link	   individual	  vesicles,	  parallel	   to	   the	  applied	  compressive	  stress	  
direction.	   Tested	   samples,	   however,	   exhibit	   a	   range	   of	   fracture	   propagation	   pathways:	  
crack-­‐pore	   (Figure	   3.30a),	   crack-­‐crack	   (Figure	   3.30b)	   and	   a	   combination	   of	   these	   modes	  
(Figure	  3.30c).	   	  No	   instances	  of	  cracks	  propagating	  out	   from	  the	  north	  and	  south	  poles	  of	  
vesicles	  are	  observed.	  Where	  cracks	  are	  associated	  with	  a	  vesicle,	  they	  typically	  propagate	  
from	  the	  edges	  as	  an	  apparent	  tangent,	  usually	  towards	  another	  neighbouring	  pore	  (Figure	  
3.30a).	   Elsewhere,	   they	   by-­‐pass	   pores	   entirely	   and	   propagate	   through	   the	   intact	   rock	  
between	  pores	  or	  they	  diverge	  in	  the	  vicinity	  of	  a	  pore	  (Figure	  3.30b).	  The	  inconsistency	  in	  
propagation	   pathways	   implies	   that	   the	   process	   is	   more	   complicated	   than	   presented	  
previously	   (e.g.	   Heap	   et	   al.,	   2014,	   2016)	   and	   that	   the	   nature	   of	   mechanical	   inclusions	   -­‐	  
vesicles	   in	   this	   instance	   -­‐	   and	   locally	   amplified	   stresses	  may	   be	  more	   influential	   in	   crack	  
propagation	  than	  the	  mechanical	  properties	  of	  the	  intact	  rock.	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Figure	  3.30.	  Examples	  of	  crack	  propagation	  pathways	   in	  tested	  samples.	  a)	  Vesicles	  are	   linked	  by	  a	  
series	  of	  subvertical	  fractures	  that	  connect	  with	  pores	  at	  their	  “east”	  and	  “west”	  margins.	  b)	  Vesicles	  
are	  unconnected,	  and	  unbreached.	  A	  through-­‐going	  fracture	  has	  developed	  through	  the	  linkage	  and	  
coalescence	  of	  microcracks.	  c)	  A	  proportion	  of	  vesicles	  show	  fracture	  linkages	  (again,	  at	  the	  east	  and	  
west	   margins)	   and	   elsewhere	   fractures	   have	   propagated	   through	   the	   intact	   material	   between	  
vesicles.	  
St.	   Venants	   principle	   (e.g.	   Gudmundsson,	   2011)	   states	   that	   stress	   perturbations	   are	   local	  
effects	   and	  at	  distances	   that	   are	   great	   relative	   to	   the	   size	  of	   the	  discontinuity,	   the	   stress	  
field	   is	   unaffected.	   For	   faults,	   the	   separation	   distance	   at	   which	   stress	   field	   interaction	  
occurs	  is	  thought	  to	  be	  less	  than	  twice	  the	  depth	  of	  faults	  (e.g.	  for	  faults	  that	  penetrate	  10-­‐
15	  km,	  interaction	  will	  be	  significant	  if	  they	  are	  separated	  by	  less	  than	  20-­‐30	  km:	  Segall	  and	  
Pollard,	   1980).	  Within	   this	   zone	   of	   interaction,	   stresses	   are	   thought	   to	   be	   40-­‐50%	  higher	  
than	   the	   remote	   value	   (Crider	   and	   Pollard,	   1998).	   At	   the	   porosities	   measured	   for	   the	  
samples	   in	   this	   study	   (12-­‐31%),	   the	   pore-­‐pore	   distance	   between	   isotropic	   vesicles	   is	   less	  
than	  twice	  their	  diameter,	  therefore	  pore-­‐interaction	  and	  compressibility	  is	  likely	  to	  exert	  a	  
stronger	  influence	  on	  the	  nucleation	  and	  propagation	  of	  fractures	  within	  the	  samples	  than	  
direct	   intersection	   and	   coalescence	   (Jaeger	   et	   al.,	   2007).	   The	   fracture	   paths	   observed	   in	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samples	   in	   this	   study	   may	   therefore	   reflect	   the	   competition	   between	   applied	   and	   local	  
stresses	  (i.e.	  stress	  field	  interaction-­‐induced	  effects).	  	  
Finite	  element	  models	  have	   shown	   that	   stresses	  will	   concentrate	   in	   the	  neck	  areas	  
between	   pores,	   resulting	   in	   stress	   magnitudes	   that	   are	   considerably	   higher	   despite	   the	  
same	  applied	  stress	  (Li	  et	  al.,	  2004).	  Microcracking	  may	  be	  localised	  initially	  by	  the	  presence	  
of	   a	   vesicle,	   but	   they	  will	   nucleate	   in	   the	   high	   stress	   intensity	   zones	   between	   them,	   and	  
propagate	  outwards	  from	  there.	  Depending	  on	  the	  induced	  stress	  field	  trajectories	  in	  these	  
zones,	   some	   fractures	   will	   propagate	   along	  modified	   trajectories	   towards,	   and	   link	   with,	  
cohesionless	   vesicles,	   while	   others	   will	   diverge	   away	   from	   them.	   This	   implies	   that	   at	  
moderate	   to	   high	   porosities	   (and	   small	   pore-­‐pore	   distances)	   the	   stress	   concentrations	  
associated	  with	  vesicles	  are	  less	  critical	  in	  the	  nucleation	  of	  microcracks	  than	  the	  stress	  field	  
interaction	   and	   resulting	   stress	   amplification	   in	   the	   neck	   regions	   between	   neighbouring	  
vesicles.	   This	   fits	   well	   with	   observations	   of	   pore-­‐stress	   concentrations	   in	   porous	   ceramic	  
materials	  (under	  tensile	  loading)	  where	  it	  is	  suggested	  that	  stress	  concentration	  from	  pores	  
has	  a	  limited	  effect	  on	  the	  mechanical	  behaviour	  of	  the	  material.	  Pores	  that	  are	  considered	  
isolated	   still	   exhibit	   stress	   gradients	   around	   them	   but	   with	   increasing	   porosities,	   and	  
decreasing	   pore-­‐pore	   distances,	   the	   load-­‐bearing	   ability	   of	   the	  material	   is	   reduced	   and	   a	  
smaller	  stress	  is	  transmitted	  through	  the	  material.	  Interactions	  between	  pores	  may	  become	  
significant	  at	  porosities	  as	  low	  as	  5-­‐10%	  and	  significantly	  reduce	  the	  effect	  of	  pore-­‐induced	  
stress	  concentrations	   (Rice,	  1997).	  For	   lava	   top	  and	  base	  samples	   (20-­‐30%	  porosity)	   load-­‐
bearing	   surface	   area	   in	   the	   rock	   is	   small	   and	   vesicles	   behave	   like	   mechanical	   inclusions	  
affecting	   the	   distribution	   and	   magnitude	   of	   stresses	   within	   the	   samples.	   Local	   stress	  
perturbations,	   coupled	   with	   the	   failure	   of	   fewer	   elements	   will	   result	   in	   failure	   at	   lower	  
applied	  stresses.	  	  
In	  addition	  to	  low	  UC	  strengths,	  Young’s	  modulus	  is	  also	  lower.	  An	  increase	  in	  pores	  
per	  unit	  volume	  will	  result	  in	  stress	  field	  interactions	  and	  amplified	  stress	  intensity	  factors	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surrounding	   the	   pores,	   which	   promotes	   cracking.	   These	   crack	   displacements	   will	   cause	  
substantial	  reductions	  in	  Young’s	  modulus.	  For	  the	  lower	  porosity	  flow	  core	  (12-­‐13%)	  where	  
load-­‐bearing	   surface	   area	   is	   greater	   and	   vesicles	   are	   smaller	   with	   greater	   pore-­‐pore	  
distances,	   Young’s	  modulus	   is	   greater.	   Here,	   the	   influence	   of	   pore	   interaction	   stresses	   is	  
less,	  and	  local	   increases	  in	  fracture	  toughness	  associated	  with	  pore	  blunting	  may	  be	  more	  
important	  (e.g.,	  Leguillon	  and	  Piat,	  2008).	  When	  a	  crack	  encounters	  a	  pore,	  the	  tip	  becomes	  
blunt	   as	   the	   energy	   dissipates,	   reducing	   the	   stress	   intensity	   and	   producing	   an	   effective	  
increase	  in	  fracture	  toughness	  locally.	  To	  propagate	  the	  crack	  further,	  an	  increase	  in	  applied	  
load	  is	  necessary	  to	  overcome	  this	  induced	  toughness	  (Deng	  et	  al.,	  2004).	  At	  low	  porosities,	  
therefore,	   vesicles	   will	   only	   lead	   to	   localised	   microcracking	   where	   applied	   stresses	   are	  
sufficiently	   high	   to	   overcome	   the	   elastic	   limit	   and	   strength	   of	   the	   intact	   rock.	   For	  
intermediate	   porosities	   or	   irregularly	   distributed	   vesicles,	   non-­‐uniform	   stress	  
concentrations	  (pores	  vs	  cracks)	  will	  occur	  and	  stresses	  at	  the	  tip	  of	  a	  crack	  will	  be	  high	  as	  a	  
function	  of	  the	  applied	  force	  across	  a	  small	  surface	  area,	  and	  stress	  concentrations	  around	  
vesicles	  will	  be	  small	  in	  comparison.	  In	  such	  instances,	  crack-­‐related	  stresses	  dominate	  any	  
pore-­‐induced	  stresses.	  	  
	  
3.5.3. Effect	  of	  Pore	  Geometry	  	  
Though	  the	  progressive	  development	  of	  fractures	  is	  still	  uncertain,	  the	  amount	  of	  open	  pore	  
space	  in	  the	  rock	  demonstrably	  impacts	  elastic	  properties,	  and	  the	  ultimate	  strength	  of	  the	  
material.	   Previously,	   the	   brittle	   strength	   of	   basaltic	   lavas	   has	   been	   attributed	   to	  
mineralogical	   variations	   and	   pre-­‐existing	   microcracks,	   but	   more	   recent	   studies	   of	  
heterogeneous	  volcanic	  edifice	  materials	  have	  also	  recognises	  a	  link	  between	  emplacement-­‐
induced	   vesicularity	   and	  mechanical	   strength	   (Schaefer	   et	   al.,	   2015;	   Vasseur	   et	   al.,	   2015).	  
Porosity,	   however,	   does	   not	   account	   for	   the	   significant	   strength	   contrast	   in	   lava	   base	  
samples	  observed	  here,	  and	  such	  directional	  anisotropy	  has	  not	  been	  recognised	  in	  existing	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studies	   of	   porous	   rocks.	   In	   these	   samples,	   porosities	   are	   all	   ~16%	   yet	   show	   significant	  
variations	   in	  compressive	  strength:	  ~60	  MPa	  for	  the	  flow-­‐parallel	  orientation	  and	  ~16	  MPa	  
for	   the	   flow-­‐normal	   orientation.	   The	   principal	   difference	   between	   samples	   in	   this	  
orientation	   is	   the	   geometry	   of	   vesicles	   and	   their	   orientation	   relative	   to	   the	   applied	  
compression	  (Figure	  3.31).	  	  Consequently,	  in	  addition	  to	  the	  amount	  and	  distribution	  of	  pore	  
space,	   or	   load-­‐bearing	   surface	   area,	   the	   shape	   of	   vesicles	   relative	   to	   the	   orientation	   of	  
applied	  stress	  has	  a	  significant	  influence	  on	  the	  brittle	  strength	  of	  basalts.	  	  
	  
	  
Figure	   3.31.	   Summary	  of	   tested	   samples	   from	   the	   lava	  unit	   base.	   Combined	   stress	  Vs.	   axial	   strain	  
curves	   for	   both	   bedding-­‐parallel	   and	   bedding-­‐normal	   orientations	   from	   the	   unit	   base.	   The	   key	  
morphological	  difference	  between	   these	   samples	   is	   the	  orientation	  of	  ellipsoidal	  pores	   (see	   inset).	  
The	   axial	   stress-­‐strain	   curve	   for	   the	   bedding-­‐normal	   sample	   (light	   green)	   shows	   relatively	   ductile	  
behaviour.	   The	   sample	   in	   a	   bedding-­‐parallel	   orientation	   is	   73%	   stronger	   in	   compression	   than	   the	  
sample	  oriented	  normal	  to	  the	  bedding	  contacts.	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Density	   measurements	   for	   the	   base	   component	   of	   the	   lava	   are	   consistent	   for	   both	  
orientations	   at	   2.45-­‐2.5	   g/cm3.	   A	   chemical	   homogeneity	   is	   supported	   by	   thin	   section	  
analysis,	  which	  reveals	  that	  the	  samples	  do	  not	  vary	  mineralogically	  and	  the	  proportion	  of	  
glass	   is	   also	   uniform.	  Mechanical	   variations	   are	   therefore	   attributed	   to	   heterogeneous	  
and	  anisotropic	  porosity	  that	  is	  intrinsic	  to	  the	  lava.	  Effective	  porosities	  at	  the	  base	  of	  the	  
unit	   show	   intermediate	   values	   of	   ~20%	   but	   this	   porosity	   is	   dominantly	   associated	  with	  
flattened	  amalgamations	  of	  individual	  pores,	  producing	  ellipsoidal	  pores,	  up	  to,	  5-­‐10	  mm	  
in	  diameter.	  Flattened	  pores	   in	   the	  base	  of	   the	   lava,	  when	  oriented	  orthogonally	   to	   the	  
applied	   stress,	   produce	   a	   lower	   Young’s	   Modulus	   (~5	   GPa	   vs.	   ~16	   GPa)	   and	   brittle	  
strengths	   are	   correspondingly	   lower	   (15.83	  MPa:	   Figure	   3.30).	   Lava	   base	   samples	   have	  
similar	  values	  of	  effective	  porosity	  (16-­‐17%)	  in	  both	  of	  the	  cored	  orientations,	  but	  samples	  
with	   vesicles	   aligned	   with	   the	   long	   axis	   parallel	   to	   the	   applied	   stress	   are	   significantly	  
stronger	  than	  vesicles	  aligned	  with	  the	  long	  axis	  normal	  to	  the	  applied	  stress	  direction.	  
The	   mechanical	   response	   of	   a	   curved	   surface	   to	   an	   applied	   stress,	   and	   the	  
relationship	   with	   geometry,	   has	   long	   been	   of	   interest	   in	   engineering	   and	   material	  
sciences.	  This	  response	  is	  thought	  to	  be	  governed	  by	  their	  geometry	  and	  driven	  by	  a	  need	  
to	  deform	  in	  the	  most	  energetically	  efficient	  manner,	  resulting	  in	  a	  mechanical	  response	  
that	  differs	  to	  those	  of	  other	  solid	  materials	  (Vaziri,	  2009).	  Numerical-­‐based	  studies	  have	  
shown	   that	   curved	   surfaces	   gain	   significant	   strength	   when	   they	   are	   compressed	   along	  
their	  major	  axis	  due	  to	  geometry-­‐induced	  strength	  (Lazarus	  et	  al.,	  2012;	  Vella	  et	  al.,	  2012).	  	  
Studies	  have	  recently	  focussed	  on	  the	  biomechanics	  of	  eggshells	  to	  explain	  this.	  When	  a	  
load	   is	   applied	   to	   the	   tip	  of	   a	   shell,	   the	   radius	  of	   curvature	   is	   small	   and	  considered	  axi-­‐
symmetric;	  stresses	  are	  distributed	  across	  the	  surface	  in	  such	  a	  way	  that	  no	  single	  part	  of	  
the	   shell	   accommodates	   the	  entire	   applied	   load.	  Conversely,	   the	   side	  of	   the	   shell	   has	   a	  
large	   radius	   of	   curvature,	   and	   this	   curvature	   varies	   in	   three-­‐dimensions.	   Consequently,	  
the	   load	   is	   distributed	   over	   a	   broader	   surface	   area.	   Through	   the	   use	   of	   finite	   element	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simulations	   and	   indentation	   tests	   it	   was	   shown	   that	   an	   egg	   is	   significantly	   stronger	   in	  
compression	  than	  in	  tension.	  	  
Lazarus	  et	  al.	  (2012)	  conclude	  that	  the	  strength	  of	  eggshells	  is	  controlled	  by:	  1)	  the	  
local	  load	  curvature,	  2)	  the	  material	  properties	  and,	  3)	  the	  tip-­‐wall	  differential	  stress.	  They	  
further	  concluded	  that	  the	  response	  is	  scale	  invariant,	  and	  influenced	  by	  the	  shell’s	  aspect	  
ratio	   alone.	   A	   similar	   conclusion	  was	  made	   by	   Perdigou	   (2010),	  who	   found	   that	   a	   shell	  
twice	  as	  high	  as	  a	  sphere	  was	  twice	  as	  stiff:	  the	  defining	  parameter	  is	  the	  aspect	  ratio	  for	  
the	  radial	  stress.	  These	  analyses	  of	  ellipsoidal	  shell	  structures	  are	  also	  applied	  to	  account	  
for	   the	   apparent	   strength	   of	   other	   natural	   and	   man-­‐made	   curved	   surfaces,	   including	  
domes	   and	   bridges.	   The	   induced	   strength	   is	   a	   function	   of	   the	   local	   radius	   of	   surface	  
curvature	   alone.	   By	   applying	   the	   same	   analyses	   and	   concept	   of	   geometry	   induced	  
stiffness	   to	   flattened,	   ellipsoidal	   vesicles	   in	   the	   base	   of	   a	   lava	   unit,	   I	   propose	   that	   the	  
directional	  strength	  anisotropy	  observed	  is	  the	  result	  of	  an	  induced	  effective	  strength	  that	  
is	  governed	  by	  the	  geometry,	  or	   load	  radius	  of	  the	  vesicles.	  The	  ends	  of	  the	  vesicles	  are	  
equivalent	   to	   a	   highly	   vaulted	   dome	   with	   a	   small	   radius	   of	   curvature,	   and	   the	   edges	  
equivalent	   to	  a	   flat	  dome	  with	  a	   large	   radius	  of	   curvature.	  This	   correlates	  well	  with	   the	  
results	   of	   Jaeger	   et	   al.,	   (2007)	   who	   describe	   spherical	   holes	   as	   the	   stiffest	   geometry,	  
where	  their	  compressibility	   increases	  with	  decreasing	  aspect	  ratio,	  and	  Nakajima	  (2007),	  
who	   found	   that	   cylindrical	   pores	  were	  more	  prone	   to	  buckling	  when	   compressed	  along	  
their	  minor	  axis;	  they	  attribute	  this	  to	  concentration	  of	  stresses	  around	  the	  pore.	  
	  
The	  strength	  profile	  identified	  here	  is	  significant,	  indicating	  that	  studies	  using	  only	  very	  low	  
porosity	  lava	  components	  will	  not	  be	  representative	  of	  the	  whole	  unit.	  Low	  porosity	  values	  
represent	  an	  endmember	  parameter,	  not	  an	  average,	  and	  are	   therefore	  unrepresentative	  
of	   the	   entire	   rock	   type.	   This	   is	   especially	   relevant	   for	   models	   of	   volcanic	   flank	   stability,	  
where	  parameters	  are	  typically	  derived	  from	  tests	  on	  isotropic	  basalts	  (porosities	  of	  1-­‐4%)	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under	   isotropic	   loads	   (Vinciguerra	  et	  al.,	   2005;	  Becker	  et	  al.,	   2007;	  Heap	  et	  al.,	   2010).	   	   In	  
addition	  to	  the	  amount	  of	  pore	  space	  and	  the	  orientation,	  continuity	  and	  frictional	  strength	  
of	  pre-­‐existing	  joint	  fabrics,	  the	  geometry	  of	  pores	  must	  also	  be	  considered	  when	  analysing	  
the	   strength	   characteristics	   of	   basaltic	   lavas.	   As	   a	   consequence	   of	   the	   varying	   physical	  
characteristics	   within	   a	   lava	   unit,	   each	   component	  will	   respond	   differently	   to	   an	   applied	  
stress.	   The	   resulting	  mechanical	   stratigraphy	   is	   a	   product	   of	   the	   intrinsic	   porosity	   of	   the	  
material.	  The	  presence	  of	  such	  a	  distinctive	  strength	  anisotropy	  has	  important	  implications	  
for	   any	   study	   of	   the	   long-­‐term	   maintenance	   of	   porosity,	   the	   permeability	   structure	   of	  
layered	  basaltic	  sequences,	  and	  the	  accommodation	  of	  strain.	  	  
3.5.4. Fault	  Propagation	  in	  Basaltic	  Sequences	  
The	   three-­‐dimensional	   segmentation	   and	   propagation	   of	   faults	   has	   been	   shown	   to	   be	  
strongly	   influenced	   by	   the	   mechanical	   response	   of	   the	   layers	   they	   develop	   in	   (e.g.	  
Bürgmann	   and	   Pollard,	   1994;	   Cowie,	   1998;	   Crider	   and	   Peacock,	   2004).	   A	   mechanical	  
stratigraphy	   will	   have	   a	   significant	   influence	   on	   the	   geometry	   of	   fault	   zones	   and	   the	  
deformation	  mechanisms	  taking	  place	  (e.g.	  Ferrill	  and	  Morris,	  2003;	  Schöpfer	  et	  al.,	  2007).	  
In	   clastic	   sequences,	   the	   strength	  and	  elastic	  properties	  of	   the	  materials	  are	  governed	  by	  
the	  porosity,	  grain	  size,	  and	  matrix	  type	  within	  the	  primary	  facies	  (e.g.	  Palchik	  and	  Hatzor,	  
2004;	   Sabatakakis	   et	   al.,	   2008).	  Current	  models	  of	   fault	   development	   in	   clastic	  multilayer	  
(e.g.	   Ferrill	   and	   Morris,	   2003;	   Schöpfer	   et	   al.,	   2006,	   2007,	   2009)	   and	   crystalline-­‐clastic	  
multilayer	  (Walker	  et	  al.,	  2013)	  sequences	  predict	  that	  strain	  is	  dominantly	  accommodated	  
in	  the	  stronger	  layers	  during	  the	  initial	  increments	  of	  strain	  (Figure	  3.32a).	  Simultaneously,	  
weaker	   layers	  (such	  as	  a	  mudstones	  or	  clay-­‐rich	  volcaniclastic	  sediments)	  relieve	  stress	  by	  
deforming	   in	   a	   ductile	   manner	   via	   grain	   sliding	   (Figure	   3.32b).	   In	   the	   following	   strain	  
increments,	  brittle	  fractures	  in	  the	  strong	  layers	  extend	  and	  eventually	  the	  weaker,	  ductile	  
layers	  also	  develop	  fractures.	  A	   lower	  angle	  of	   internal	  friction	  within	  these	  weaker	   layers	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produces	  more	  inclined	  fracturing	  and	  with	  increasing	  extension,	  linkage	  of	  these	  steep	  and	  
inclined	  segments	   takes	  place	   (Figure	  3.32c),	   removing	  surface	  asperities	  and	  producing	  a	  
through-­‐going	   fault	   structure	  with	  a	  prominent	   refracted	  geometry.	  Critically,	  both	   layers	  
are	   deforming:	   one	   by	   elastic-­‐brittle	   deformation,	   and	   the	   other	   by	   ductile-­‐brittle	  
deformation.	  	  
	  
Figure	   3.32.	   Existing	  model	  of	   vertical	   segmentation	  of	   fractures	   in	  multilayer	   sequence,	  based	  on	  
examples	   in	   clastic	   and	   crystalline-­‐clastic	   sequences.	   a)	   Localisation	   of	   sub-­‐vertical	   fractures	   in	  
mechanically	  strong	  layers.	  b)	  Linkage	  along	  inclined	  shear	  fractures	  in	  weaker	  layers.	  c)	  A	  through-­‐
going	  fault	  develops	  (after	  Schöpfer	  et	  al.,	  2006).	  
Common	  to	  these	  models	  is	  the	  mechanical	  classification	  of	  different	  layers	  as	  “strong”	  and	  
“weak”:	   fracturing	   initially	   localises	   in	   the	   strong	   layers,	   followed	  by	   brittle	   failure	   of	   the	  
weaker	  layer	  with	  increasing	  extension.	  All	  of	  the	  basalt	  samples	  that	  were	  tested	  here	  for	  
their	   UC	   strength,	   however,	   show	   elastic-­‐brittle	   failure:	   the	   “weaker”	   layers	   display	  
localised	   failure	   at	   low	   differential	   stresses	   (15.83	   MPa).	   As	   such,	   fracture	   toughness	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classification	  may	  be	  a	  more	  precise	  description	  of	  compressive	  strength	  as	  it	  considers	  the	  
amount	  and	  geometry	  of	  initial	  flaws	  in	  the	  material	  (see	  Engelder,	  1993).	  	  
	  
Figure	   3.33.	   a)	   Fault	   propagation	   through	   multilayer	   sequences	   (modified	   after	   Schöpfer	   et	   al.,	  
2006).	   i)	   Localisation	   of	   sub-­‐vertical	   normal	   faults	   in	   layers	   with	   a	   low	   resistance	   to	   fracture.	   ii)	  
Linkage	  of	   fault	   segments	   through	   layers	  with	  a	  higher	   resistance	   to	   fracture	   (FT).	   iii)	  Eventually,	  a	  
through-­‐going	   fault	   structure	   develop	   (iii).	   b)	   Fault	   propagation	   in	   layered	   basaltic	   sequences.	   i)	  	  
initial	  localisation	  of	  extension	  fractures	  in	  the	  base	  component	  of	  lava	  flows.	  ii)	  Eventual	  linkage	  of	  
extension	  fractures	  through	  the	  lava	  top	  and	  core.	  iii)	  Formation	  of	  a	  through-­‐going	  normal	  fault.	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Based	  on	  this	  classification,	   initial	  brittle	   failure	  will	  occur	   in	   layers	  with	   low	  resistance	  to	  
fracture,	  followed	  by	  progressive	  failure	  in	  the	  layers	  with	  a	  high	  resistance.	  For	  a	  horizontal	  
sequence	  of	   lavas,	  with	  a	  vertical	  σ1,	   initial	   fracture	  growth	  would	  occur	   in	   the	   lava	  base,	  
where	   UC	   strengths	   and	   Young’s	   modulus	   are	   the	   lowest	   as	   a	   result	   of	   high	   effective	  
porosities	  associated	  with	  flattened	  vesicles	  	  (Figure	  3.33a).	  In	  the	  next	  increment	  of	  strain,	  
the	  top	  of	  the	   lava	  begins	  to	  fracture	  and	  a	  segmented	  sequence	  of	  subvertical	  extension	  
fractures	  develops	  (Figure	  3.33b).	  Eventually,	  when	  differential	  stresses	  approach	  90	  MPa,	  
the	  core	  of	  the	  lava	  begins	  to	  fracture	  and	  a	  through-­‐going	  extensional-­‐shear	  fracture	  forms	  
(Figure	  3.33c).	  
The	   role	   of	   the	   intact	   basaltic	   lava	   strength	   will	   be	   critical	   when	   any	   pre-­‐existing	  
anisotropy	   (e.g.	   cooling	   joints)	   is	   not	   the	   primary	   control	   on	   fault	   development.	   This	   is	  
discussed	   further	   in	   Chapter	   4.	   During	   emplacement,	   the	   lavas	   advanced	   as	   a	   series	   of	  
interconnected	   lobes,	   spreading	   radially	   from	   a	   flow	   or	   point	   source	   and	   resulting	   in	   a	  
series	  of	  laterally	  discontinuous	  lobes	  or	  channels,	  of	  varying	  thicknesses.	  The	  vertical	  and	  
lateral	   juxtaposition	   of	   these	   mechanically	   variable	   layers	   have	   the	   potential	   to	   have	   a	  
substantial	  influence	  on	  the	  nucleation	  of	  cracks	  and	  the	  vertical	  and	  lateral	  segmentation	  
of	  fractures	  as	  they	  propagate	  through	  the	  sequence.	  
3.6. Summary	  
	  
• The	  mechanical	   response	  of	   basaltic	   rocks	   to	   uniaxial	   compression	   is	   governed	  by	   the	  
amount,	  and	  geometry,	  of	  the	  intrinsic	  porosity	  within	  the	  rock.	  
• Basaltic	   lava	   units	   show	   three	   components	   defined	   by	   the	   relative	   distribution	   and	  
geometry	   of	   vesicles:	   (1)	   flow	   tops,	   characterised	   by	   effective	   porosities	   of	   22-­‐31%,	  
associated	  with	   isotropic	  pores	  2-­‐20	  mm	   in	  diameter,	  with	  Young’s	  moduli	  of	  ~23	  GPa	  
and	  uniaxial	  compressive	  strengths	  of	  ~60	  MPa;	  (2)	  flow	  cores,	  with	  effective	  porosities	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of	   12-­‐13%	  associated	  with	   small	   (1-­‐2	  mm)	   rounded	  pores,	   and	   Young’s	  moduli	   of	   ~17	  
GPa	   and	   uniaxial	   compressive	   strengths	   of	   ~91	   MPa;	   (3)	   flow	   bases,	   with	   effective	  
porosities	  of	  ~16%,	  associated	  with	  bands	  of	  flattened,	  elliptical	  pores	  with	  long	  axis	  up	  
to	   15	   mm	   in	   length.	   Flow	   bases	   exhibit	   Young’s	   moduli	   of	   ~12	   GPa	   and	   uniaxial	  
compressive	   strengths	   of	   ~16	   MPa.	   The	   relative	   proportions	   of	   each	   of	   these	  
components	  scale	  with	  flow	  unit	  thickness.	  
• Densities	   are	   consistent	   within	   each	   component	   and	   vary	   from:	   2.1	   g/cm3	   in	   the	   top	  
(upper	  portion)	  and	  2.4	  g/cm3	  (lower	  portions),	  2.6	  g/cm3	  in	  the	  core	  and	  2.45-­‐5	  g/cm3	  in	  
the	   base.	   Thin	   section	   analysis	   reveals	   that	   each	   unit	   component	   is	   mineralogically	  
homogenous.	  Mechanical	  variations	  are	  therefore	  attributed	  to	  changes	   in	   the	  volume	  
and	  geometry	  of	  vesicles.	  
• An	   increase	   in	  porosity	   through	   the	   lava	  unit	   lowers	   the	   stiffness	  and	   the	  UC	   strength	  
and	   reduces	   the	   vesicle-­‐vesicle	   distances,	   promoting	   local	   stress	   amplification	   and	  
fracture	   development	   in	   the	   throat	   regions	   between	   neighbouring	   vesicles.	   These	  
interaction-­‐induced	  stresses	  further	  weaken	  the	  material.	  
• Ellipsoidal	  vesicles	   in	   the	  base	  of	   flow	  units	  show	  a	  defined	  strength	  anisotropy	  that	   is	  
controlled	   solely	   by	   their	   geometry	   and	   the	   relative	   orientation	   of	   the	   applied	  
compressive	  stress:	  ellipsoidal	  vesicles	  with	  their	  major	  axis	  oriented	  normal	  to	  the	  load	  
are	  very	  weak.	  The	  same	  vesicles	  become	  significantly	  stronger	  when	  the	  load	  is	  applied	  
parallel	  to	  their	  major	  axis.	  	  
• Whilst	   total	  porosity,	  as	  a	   scalar	  quantity,	  exerts	  a	   strong	   influence	  on	   the	   strength	  of	  
intact	   basalt,	   it	   is	   the	   geometric	   anisotropy	   associated	  with	   the	   shape	   of	   vesicles	   and	  
their	  orientation	  with	  respect	  to	  applied	  stresses	  that	  appear	  to	  be	  the	  primary	  control	  
of	   brittle	   strength	   in	   basalts.	   The	   directional	   strength	   anisotropy	   is	   the	   result	   of	   an	  
induced	  effective	  strength	  produced	  by	  the	  effect	  of	  their	  radius	  of	  curvature	  and	  how	  
stresses	  are	  distributed	  across	  them.	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• In	   instances	  where	   the	   intact	   strength	   of	   the	   lava	   sequence	   is	  more	   influential	   in	   fault	  
growth	  than	  the	  reactivation	  of	  pre-­‐existing	  joint	  fabrics	  (e.g.	  at	  depth	  in	  rift	  zones),	  the	  
distinctive	   mechanical	   stratigraphy	   produced	   by	   heterogeneous	   and	   anisotropic	   pore	  
space	   is	   likely	   to	  have	  significant	   implications	  on	  the	  3D	  segmentation	  and	  geometry	  of	  
propagating	   faults,	   as	   is	   observed	   in	   clastic	   sequences	   and	   for	   the	   maintenance	   of	  
porosity	  with	  burial.	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Chapter	  4	  
Rift-­‐Fault	   Segmentation:	   the	   Koa’e	  
Fault	  System,	  Hawai’i	  	  
4.1 Introduction	  
An	  improved	  understanding	  of	  the	  evolution	  of	  normal	  faults	   in	  basaltic	  sequences,	  and	  
the	   controls	  on	   their	  distribution	  and	  geometry,	  has	   important	   implications	   for	  existing	  
models	  of	  normal	  fault	  growth	  in	  cohesive	  sequences	  on	  Earth,	  as	  well	  as	  those	  on	  other	  
planets.	  Existing	  studies	  of	  normal	  fault	  development	  in	  layered	  basaltic	  sequences	  at	  low	  
confining	   pressures	   identify	   three	   principal	   characteristics:	   (1)	   sinuous	   zones	   of	   vertical	  
extension	   fractures;	   (2)	   monoclinal	   flexure	   of	   the	   ground	   surface	   and;	   (3)	   sub-­‐vertical	  
fault	   scarps	   that	   show	   components	   of	   dilation	   (Duffield,	   1975;	   Acocella	   et	   al.,	   2000;	  
Acocella	  et	  al.,	  2003;	  Grant	  and	  Kattenhorn,	  2004;	  Martel	  and	  Langley,	  2006;	  Holland	  et	  
al.,	  2006,	  2011;	  Kaven	  and	  Martel,	  2007;	  Villemin	  and	  Bergerat,	  2013).	  	  
	   Two	  models	  have	  been	  proposed	  for	  the	  propagation	  of	  normal	  faults	  in	  shallow	  
depth	  systems:	  (1)	  shallow	  nucleation	  and	  downward	  propagation;	  and	  (2)	  nucleation	  at	  
depth,	  and	  upward	  propagation.	  Proponents	   for	  model	  1	  propose	   that	   faults	   initiate	  as	  
open	   fractures	   at	   the	   surface	   and	   propagate	   downwards	   to	   a	   critical	   depth	   where,	  
according	  to	  Griffith	  criterion,	  they	  become	  shear	  fractures	  (Opheim	  and	  Gudmundsson,	  
1989;	   Gudmundsson	   and	   Backstrom,	   1991;	   Gudmundsson,	   1992;	   Acocella	   et	   al.,	   2003;	  
Gudmundsson	   2011).	   For	   tensile	   failure	   to	   prevail,	   the	  minimum	  principal	   compressive	  
effective	   stress	  must	  be	  negative,	   the	  maximum	  principal	   compressive	   stress	   should	  be	  
vertical,	  and	  the	  differential	  stress	  must	  be	  less	  than	  four	  times	  the	  tensile	  strength	  of	  the	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host	  rock;	  conditions	  that	  are	  most	  easily	  maintained	  in	  very	  shallow	  (<1	  km)	  portions	  of	  
the	   crust	   (Gudmundsson	   2011).	   The	   failure	   criterion	   dictates	   that,	   in	   the	   absence	   of	  
elevated	   pore	   fluid	   pressures,	   the	   maximum	   depth	   (Dmax)	   that	   a	   tensile	   fracture	   may	  
reach	  is	  determined	  by:	  
𝐷!"# = 3𝑇𝜌𝑔	  
Where	  T	   is	   the	   tensile	   strength	  of	   the	  host	   rock,	  ρ	   is	   the	  host	   rock	  density	  and	  g	   is	   the	  
constant	   for	   gravitational	   acceleration.	   For	   a	   range	   of	   tensile	   strengths	   and	   crustal	  
densities,	  this	  maximum	  depth	  was	  found	  to	  lie	  in	  the	  range	  of	  400-­‐900	  m	  (Gudmundsson,	  
1992;	  Gudmundsson	  2006);	  below	  this	  depth,	  downward	  propagating	  fractures	  will	  show	  
shear	   displacements.	   The	   model	   assumes	   that	   extension	   fractures	   exploit	   pre-­‐existing	  
cooling	   joints	  at	   the	   free	  surface	  and	  propagate	  downwards	  by	  reactivating	  continuous,	  
vertical,	  planar	  joint	  surfaces.	  Natural	  joints	  in	  rocks	  such	  as	  basaltic	  lavas,	  however,	  are	  
non-­‐planar,	  vary	  in	  scale	  depending	  on	  lava	  thickness,	  and	  lava	  component.	  They	  are	  also	  
commonly	  tilted	  away	  from	  vertical	  either	  at	  the	   individual	   lava	   lobe	  scale	  or	  at	  a	   local-­‐
sub-­‐regional	  scale	  due	  to	  tectonic	  subsidence	  or	  the	  pre-­‐existing	  topography	  that	  the	  lava	  
has	   filled.	  These	   factors	  will	  have	  a	  pronounced	  effect	  on	   their	   shear	   strength	  at	  depth	  
(e.g.	  Barton,	  2013,	  2014).	  The	  process	  is	  therefore	  likely	  to	  be	  more	  complex,	  and	  the	  role	  
of	  the	  intact	  rock	  properties	  are	  may	  be	  more	  important	  than	  is	  currently	  assumed.	  This	  
is	  consistent	  with	  seismicity	  records	  from	  rifting	  episodes	  in	  Kilauea’s	  south	  flank	  where	  
records	  of	  over	  30,000	   focal	  mechanisms	  are	  populated	  by	  double-­‐couple	  mechanisms,	  
associated	  with	  normal	  faulting	  (49%),	  strike-­‐slip	  faulting	  (26%)	  and	  thrust	  faulting	  (25%)	  
(Lin	  and	  Okubo,	  2016).	  
The	   alternative	   model	   is	   that	   the	   formation	   of	   extension	   fractures	   at	   the	   free	  
surface	  is	  associated	  with	  local	  concentrations	  of	  tensile	  stress	  surrounding	  the	  tip	  of	  an	  
upward-­‐propagating	  normal	  fault.	  Flexure	  of	  the	  surface	  into	  monoclines	  accommodates	  
displacement	   on	   the	   fault	   at	   depth	   and	   is	   expected	   to	   induces	   additional	   tensile	  
	   	   Chapter	  4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  105	  	  	  
fracturing	   along	   the	   crest.	   Downward	   propagation	   and	   eventual	   linkage	   of	   surface	  
extension	   fractures	   with	   normal	   fault	   tips	   at	   depth	   lead	   to	   breaching	   of	   surface	  
monoclines	  and	   the	  development	  of	   sub-­‐vertical,	   surface-­‐breaching	   fault	   segments	   that	  
display	  horizontal	  and	  vertical	  components	  of	  displacement	  (Grant	  and	  Kattenhorn,	  2004;	  
Holland	  et	  al.,	  2006;	  Martel	  and	  Langley,	  2006;	  Kaven	  and	  Martel,	  2007).	  	  
Common	  to	  the	  downward	  and	  upward	  propagating	  models	  of	  fault	  development	  
is	   the	  a	   priori	   assumption	   that	   deforming	   basaltic	   sequences	   behave	   as	   a	  mechanically	  
homogenous	   unit	   undergoing	   homogenous	   and	   isotropic	   applied	   stresses.	   Detailed	  
laboratory-­‐based	  mechanical	  transects	  through	  Hawaiian	  basalts	  presented	  in	  Chapter	  3,	  
have	   demonstrated	   that	   basaltic	   lavas	   have	   irregular	   geometries	   and	   demonstrate	   a	  
distinctive	  mechanical	   stratigraphy	   attributed	   to	   varying	   physical	   properties,	   related	   to	  
the	  total	  porosity	  and	  void	  geometry	  through	  an	  individual	  lava.	  The	  resulting	  lateral	  and	  
vertical	   variation	   in	   strength	   and	   elastic	   properties	   can	   effect	   fracture	   nucleation	   and	  
growth	  at	  depth	   in	   the	  absence	  of	   continuous	  and	  planar	   joints,	   and	  hence	  control	   the	  
initial	  segmentation	  of	  a	  fault	  as	  it	  propagates.	  	  
	  
In	   this	   chapter	   I	   aim	   to	   characterise	   fault	   segmentation	   and	   interaction	   at	   a	   range	   of	  
scales	   (cm-­‐	   to	   km-­‐scale)	   to	   constrain	   normal	   fault	   evolution	   in	   basaltic	   rocks.	   Based	  on	  
previous	   numerical	   studies	   of	   segmented	   fault	   growth	   (e.g.	   Segall	   and	   Pollard,	   1980),	  
interaction	  and	  linkage	  of	  adjacent	  structures	  will	  result	  in	  local	  rotations	  in	  the	  regional	  
stress	   within	   an	   inter-­‐fault	   (relay	   zone)	   with	   interaction-­‐induced	   stress	   amplifications	  
leading	   to	   the	  develop	  of	  ancillary	  deformation.	   	   I	  will	   therefore	   identify	   the	  geometry,	  
distribution	   and	   kinematics	   of	   ancillary	   deformation	   at	   a	   range	   of	   scales	   using	   remote-­‐	  
and	   field-­‐based	   measurements	   of	   surface	   strains	   associated	   with	   the	   propagation	   of	  
normal	   faults	   in	   a	   layered	  basaltic	   sequence	   in	   a	   low	   strain	   (<1%),	   evolving	   rift	   system.	  
The	  presence	  of	  variably	  oriented	  and	  kinematically	  heterogeneous	  ancillary	  strains	  will	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have	  an	  important	   influence	  on	  later	  rift	  geometry,	  as	  well	  as	  facilitating	  increased	  fluid	  
flow.	  
	  
4.2 Background	  
This	  study	  uses	  a	  combination	  of	  high-­‐resolution	  field	  and	  remote	  mapping	  of	  faults,	  and	  
fault-­‐related	   strain	   in	   the	   Koa’e	   fault	   system;	   a	   system	   of	   developing	   normal	   faults	  
located	  on	   the	   south	   flank	  of	   Kilauea	   volcano,	  Hawai’i	   that	   connect	   the	   Southwest	   and	  
East	  Rift	  Zones.	  	  
	  
4.2.1 Geological	  Setting	  
Kilauea	   is	   the	   youngest	   and	   southernmost	   subaerial	   volcano	   in	   the	   Hawaiian-­‐Emperor	  
chain	   (Figure	   4.1)	   and	   one	   of	   five	   intraplate	   volcanic	   systems	   on	   Hawaii’s	   Big	   Island.	  
Kilauea	  forms	  a	  highly	  active	  basaltic	  shield	  volcano	  with	  a	  3	  km	  x	  5	  km	  collapsed	  caldera	  
at	   its	   summit	   (Swanson	  et	   al.,	   1976;	  Neal	   and	   Lockwood,	   2003).	  Geodetic,	   geophysical,	  
and	   geological	   data	   imply	   that	   magma	   ascends	   along	   a	   sub-­‐vertical	   conduit	   from	   the	  
mantle	   to	   a	   storage	   reservoir	   2-­‐5	   km	  below	   the	   summit	   caldera	   (e.g.	  Wright	   and	  Klein,	  
2006;	  Poland	  et	  al.,	  2012).	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Figure	  4.1.	  The	  Hawaiian-­‐Emperor	  Chain	  extends	  ~6000	  km	  across	  the	  Pacific	  Ocean,	  and	  consists	  
of	  more	   than	  107	   individual	   volcanoes	   that	   have	  developed	  over	   the	   last	   ~70	  Ma,	   as	   the	  Pacific	  
plate	  moves	  north	  and	  west	  over	  the	  Hawaiian	  hotspot	  (image	  from	  Rubin	  1990).	  
Based	   on	   lava	   accumulation	   rates,	   Kilauea	   is	   estimated	   to	   have	   formed	   150-­‐300	   Ka	  
(Quane	  et	  al.,	  2000).	  A	  2	  km	  deep	  borehole	   into	  Kilauea’s	  south	  flank	  has	  revealed	  that	  
subaerially	  emplaced	   lavas	   comprise	  approximately	  60%	  of	   the	  volcanic	   sequence,	  with	  
dikes	   comprising	   ~30%	   of	   the	   core	   below	   1200	   m	   and	   hyaloclastite	   comprising	   ~10%	  
(Quane	   et	   al.,	   2000).	   Periodic	   influx	   of	   magma	   into	   the	   storage	   reservoir	   beneath	  
Kilauea’s	  summit	  typically	  results	  in	  eruption	  either	  at	  the	  summit,	  or	  shallow	  intrusions	  
and	   eruption	   within	   two	   pronounced	   rift	   zones	   (Figure	   4.2)	   that	   radiate	   eastward	   and	  
south-­‐westward	  from	  the	  summit	  (Duffield	  et	  al.,	  1982a;	  Dzurisin	  et	  al.,	  1984).	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Figure	  4.2.	  Topographic	  and	  bathymetric	   image	  of	  Hawai’i	  showing	  five	  volcanic	  systems:	  Kohala,	  
Hualailai,	   Mauna	   Kea,	   Mauna	   Loa,	   and	   Kilauea.	   B)	   Topographic	   image	   of	   Kilauea	   Volcano	  
highlighting	   the	   tectonic	   elements	   comprising	   the	   mobile	   south	   flank:	   the	   southwest	   rift	   zone	  
(SWRZ),	  east	  rift	  zone	  (ERZ),	  the	  Koa’e	  fault	  system	  (KFS)	  and	  the	  Hilina	  fault	  system	  (HFS).	  	  
Forceful	  intrusion	  of	  magma	  into	  these	  rift	  zones	  has	  resulted	  in	  the	  uplift	  of	  the	  flank	  and	  
is	  closely	  associated	  with	  the	  southward	  displacement	  of	  the	  entire	  south	  flank	  of	  Kilauea	  
(Figure	  4.3)	  (e.g.	  Swanson	  et	  al.,	  1976).	  Extension	  in	  these	  rift	  zones	  is	  accommodated	  by	  
subsurface	   diking,	   elongated	   zones	   of	   extensional	   faults	   and	   fractures	   at	   shallow	   levels	  
that	   vary	   in	   length	   from	   a	   few	   kilometres	   to	  many	   tens	   of	   kilometres	   (Swanson	   et	   al.,	  
1976;	   Duffield	   et	   al.,	   1982a;	   Peacock	   and	   Parfitt,	   2002;	   Neal	   and	   Lockwood,	   2003;	   Le	  
Corvec	  and	  Walter,	  2009).	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Figure	  4.3.	  A	  cross-­‐section	  across	  Kilauea.	  The	  south	  flank	   is	  decoupled	  from	  the	  north	  flank	  and	  
Mauna	  Loa	  by	  the	  east	  and	  southwest	  rift	  zones	  and	  the	  Koa’e	  fault	  system	  (from	  Duffield	  et	  al.,	  
1982b).	  
The	  subaerial	  portion	  of	  the	  east	  rift	  zone	  (ERZ)	  is	  3-­‐6	  km	  wide	  and	  extends	  ~60	  km	  with	  a	  
prominent	   bend	   attributed	   to	   the	  maintenance	   of	   the	  magma	   supply	   from	   the	   summit	  
reservoir	   during	   flank	   displacement	   (Holcombe,	   1987;	   Moore	   and	   Trusdell,	   1993;	   Le	  
Corvec	  and	  Walter,	  2009).	  The	  southwest	  rift	  zone	  (SWRZ)	  is	  4	  km	  wide	  and	  ~30	  km	  long,	  
and	  separated	  into	  3	  strands	  or	  sections	  that	  converge	  down-­‐rift.	  	  Volcanism	  in	  the	  SWRZ	  
is	  much	  less	  active	  than	  the	  ERZ,	  with	  only	  five	  historic	  eruptions	  recorded	  compared	  to	  
more	  than	  twenty	  since	  1950	  in	  the	  ERZ	  (Holcombe,	  1987;	  Moore	  and	  Trusdell,	  1993).	  A	  
well-­‐known	  inflation-­‐deflation	  cycle	  of	  ground	  deformation	  at	  the	  summit	  is	  attributed	  to	  
the	   repeated	   transfer	  of	  magma	   from	  the	   reservoir	   into	   these	   rift	   zones	   (Duffield	  et	  al.,	  
1982a;	  Delaney	  et	  al.,	  1998;	  Poland	  et	  al.,	  2008).	  Episodes	  of	  inflation	  and	  ground	  tilting	  at	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the	  summit	  are	  commonly	  associated	  with	  periods	  of	  minor	  swarm	  seismicity	  in	  the	  ERZ,	  
whereas	  deflation	  is	  typically	  accompanied	  by	  increasing	  swarm	  seismicity	  in	  the	  ERZ.	  
Based	   on	   several	   decades	   of	   continuous	   and	   campaign	   GPS	   measurements,	  
seismicity	   data,	   and	   more	   recently,	   interferometric	   synthetic	   aperture	   radar	   (InSAR)	  
techniques,	  2.75	  m	  of	  seaward	  displacement	  of	   the	  south	   flank	  of	  Kilauea	  has	  occurred	  
since	  1976,	  at	  an	  initial	  rate	  of	  ~25	  cm/year	  and	  <	  5	  cm/year	  since	  1983	  (Delaney	  et	  al.,	  
1990,	  1998;	  Denlinger	  and	  Okubo,	  1995;	  Owen	  et	  al.,	  2000;	  Jung	  et	  al.,	  2010;	  Poland	  et	  al.,	  
2012).	  	  Flank	  motion	  is	  attributed	  to	  slip	  on	  a	  basal	  detachment	  at	  ~9	  km	  depth,	  identified	  
from	   the	   focal	  mechanisms	   of	   approximately	   70,000	   earthquakes,	   recorded	   during	   the	  
period	  between	  1962	  and	  1983	  (Klein	  et	  al.,	  1987).	  The	  south	  flank	   is	   idealised	   in	  many	  
studies	   as	   being	   laterally	   unconstrained,	   while	   the	   north	   flank	   is	   buttressed	   by	   the	  
presence	   of	   Mauna	   Loa	   (e.g.	   Kaven	   and	   Martel,	   2007).	   Ambient	   horizontal	   stresses	  
normal	   to	   the	   rift	   strike	   are	   set	   to	   zero	   and	   predicted	   to	   be	   perturbed	   by	   one,	   or	   a	  
combination	   of,	   two	   competing	  models	   that	   are	   currently	   proposed	   to	   account	   for	   the	  
observed	  extension	  of	  Kilauea’s	   south	   flank:	   (1)	   shallow,	  and	   repeated	  emplacement	  of	  
dikes	  in	  two	  rift	  zones	  at	  ~2-­‐4	  km	  depth	  (e.g.	  Swanson	  et	  al.,	  1976;	  Rubin,	  1990;	  Morgan	  
et	  al.,	  2000);	  or	  (2)	  gravitational	  instability	  of	  the	  volcanic	  pile,	  facilitated	  by	  the	  presence	  
of	  hot,	  weak	  material	  within	  the	  edifice	  (i.e.	  deformation	   is	  unrelated	  to	  seismicity:	  e.g.	  
Clague	  and	  Denlinger,	  1994;	  Delaney	  et	  al.,	  1998;	  Plattner	  et	  al.,	  2013).	  Numerical	  studies	  
of	   the	   flank	   have	   proposed	   that	   periods	   of	   magmatic	   quiescence	   are	   accompanied	   by	  
pure	   gravitational	   spreading,	   with	   rift-­‐dominated	   extension	   occurring	   when	   magmatic	  
activity	   increases	   (Le	   Corvec	   and	   Walter,	   2009).	   To	   facilitate	   outward	   pushing,	   two	  
systems	  of	   faults	  propagate	  from	  the	  top	  of	  the	   intrusion	  to	  the	  surface	  (Le	  Corvec	  and	  
Walter,	  2009).	  The	   fault	  structures	  predicted	   in	   these	  models	  may	  be	  analogous	  to	   two	  
fault	  systems	  located	  on	  the	  south	  flank	  of	  Kilauea:	  the	  Koa’e	  and	  Hilina	  fault	  systems.	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4.2.2 The	  Hilina	  Fault	  System	  
The	  Hilina	  Fault	  System	  (HFS:	  Figures	  4.2b	  and	  4.3)	  comprises	  a	  5	  km	  wide	  zone	  of	  south-­‐
dipping,	  en	  echelon	  normal	   fault	   segments	  with	   surface	  offsets	  up	   to	  ~500	  m,	   recorded	  
since	  the	   last	  resurfacing	  by	   lava	  flows	  1500-­‐750	  years	  ago	  (Swanson	  et	  al.,	  1976;	  Wolfe	  
and	  Morris,	  1996;	  Parfitt	  and	  Peacock,	  2001,	  2002).	  The	  origins	  and	  3-­‐dimensional	  extent	  
of	   the	   fault	   system,	   however,	   remains	   unclear.	   Swanson	   et	   al.	   (1976)	   propose	   that	   the	  
exposed	   scarps	   represent	   lava-­‐covered	   headwalls	   of	   large	   landslide	   blocks	   that	   are	  
episodically	   reactivated,	   resulting	   in	   destructive	   earthquakes	   (e.g.	   the	   November	   1975	  
M7.2	   Kalapana	   earthquake).	   The	   fault	   system	   may	   represent	   shallow	   listric	   faults	   that	  
extend	   through	   lavas	  and	  hyaloclastites,	   and	   terminate	  at	  1-­‐3	  km	  depth	   (Duffield	  et	  al.,	  
1982b).	  Alternatively,	  the	  fault	  system	  may	  penetrate	  to	  greater	  depths	  and	  bottom	  out	  
at	   the	  base	  of	   the	   volcanic	  pile	   along	   the	  detachment	  at	  9-­‐11	  km	  depth	   (Denlinger	   and	  
Okubo,	  1995;	  Okubo	  et	  al.,	  1997;	  Morgan	  et	  al.,	  2000;	  Parfitt	  and	  Peacock,	  2001).	  
	  
4.2.3 The	  Koa’e	  Fault	  System	  
The	  Koa’e	  fault	  system	  (Figure	  4.2)	  is	  a	  20	  km	  long	  and	  ~3	  km	  wide	  region	  of	  dominantly	  
north-­‐dipping	  normal	  fault	  segments	  that	  extends	  between	  the	  ERZ	  and	  SWRZ	  to	  produce	  
a	   continuous	   zone	   of	   extension	   (Duffield,	   1975;	   Swanson	   et	   al.,	   1976;	   Duffield	   et	   al.,	  
1982b;	   Martel	   and	   Langley,	   2006;	   Podolsky	   and	   Roberts,	   2008).	   The	   fault	   system	   is	  
interpreted	  to	  be	  the	  result	  of	  the	  forceful	  emplacement	  of	  dikes	  in	  the	  east	  rift	  zone,	  the	  
cumulative	   effect	   of	   which	   has	   been	   ~25-­‐30	   m	   of	   extension	   since	   the	   last	   resurfacing	  
event	   400-­‐750	   years	   ago	   (Duffield	   et	   al.,	   1975;	   1982b;	   Swanson	   et	   al	   1976;	  Wolfe	   and	  
Morris,	   1996;	  Peacock	  and	  Parfitt,	   2002).	   This	   is	   inferred	   from	  spatial	   relationships	  with	  
the	  most	  recent	  lavas:	  there	  is	  no	  evidence	  for	  ponding	  of	  southward	  flowing	  lavas	  below	  
north-­‐facing	  fault	  scarps,	  as	  would	  be	  expected	  for	  pre-­‐existing	  fault	  scarps.	  The	  observed	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throw	   across	   faults	   in	   the	   Koa’e	   has	   therefore	   developed	   since	   the	   most	   recent	   lavas	  
cooled,	  accumulating	  at	  a	  rate	  of	  2-­‐3	  cm	  per	  year	  (Martel	  and	  Langley,	  2006).	  	  
The	  principal	  structures	  that	  have	  previously	  been	  identified	  in	  the	  Koa’e	  fault	  
system	   (e.g.	   Duffield	   et	   al.,	   1982b;	   Swanson	   et	   al.,	   1976;	   Peacock	   and	   Parfitt,	   2002)	  
include:	   (1)	   early-­‐forming	   footwall	   fractures	   that	   strike	   sub-­‐parallel	   to	   the	   fault	   tip	   line	  
(Figure	  4.4,	  stage	  1);	  (2)	  gentle	  monoclines	  ahead	  of	  fault	  tips	  at	  depth,	  that	  steepen	  with	  
increasing	  displacement	  on	  the	  fault	  (Figure	  4.4,	  stage	  1	  and	  2);	  (3)	  hanging	  wall	  buckles	  
associated	  with	   overlapping	   fractures	   and	   faults	   at	   depth	   (Figure	   4.4,	   stage	   3);	   and	   (4)	  
Sub-­‐vertical	   fault	   scarps	   with	   maximum	   throws	   of	   ~15	  m	   that	   are	   predicted	   to	   breach	  
monoclines,	   transferring	   them	   to	   the	   hanging	  wall	   (Figure	   4.4,	   stage	   4).	   Based	   on	   their	  
characteristic	   zig-­‐zag	   appearance	   footwall	   fractures	   are	   thought	   to	   exploit	   pre-­‐existing	  
cooling	  joints	  in	  the	  basalt	  at	  the	  free	  surface	  (e.g.	  Holland	  et	  al.,	  2006).	  Apertures	  of	  ~	  2m	  
are	  common,	  but	  only	  where	  scarp	  heights	  exceed	  1	  m	  (Martel	  and	  Langley,	  2006).	  In	  such	  
instances,	  it	  is	  common	  for	  angular,	  collapsed	  blocks	  to	  fill	  the	  fracture	  and	  obscure	  true	  
depths.	   Hanging	   wall	   buckles,	   or	   moletracks,	   are	   sharp	   anticlinal	   folds	   with	   fractured	  
crests	   along	   the	   base	   of	   fault	   scarps,	   indicating	   a	   substantial	   local	   component	   of	  
horizontal	  compression	  (Martel	  and	  Langley,	  2006).	  Generally	  these	  folds	  are	  not	  greater	  
than	  1	  m	  high	  but	  may	  have	  surface	  trace	  lengths	  of	  	  ~20	  m	  (Martel	  and	  Langley,	  2006).	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Figure	  4.4.	  Model	  of	  fault	  development	  in	  the	  Koa’e	  fault	  system	  (after	  Kaven	  and	  Martel,	  2007).	  
Stage	   1:	   an	   upward	   propagating	   blind	   normal	   fault	   induces	   extension	   fractures	   ahead	   of	   the	   tip	  
(parallel	  to	  the	  tip	  line)	  and	  causes	  flexure	  of	  the	  surface.	  Stage	  2:	  continued	  growth	  of	  the	  fault	  at	  
depth	   causes	   monocline	   steepening	   and	   fractures	   interact	   and	   coalesce.	   Stage	   3:	   with	   further	  
growth,	   localised	   buckles	   and	   extension	   fractures	   (ahead	   of	   subsurface,	   antithetic	   fractures)	  
develop	  on	  the	  adjacent	  hanging	  wall.	  Stage	  4:	  normal	  faults	  link	  with	  extension	  fractures	  at	  depth,	  
resulting	   in	   surface-­‐breaching	   faults	   with	   opening	   and	   vertical	   components	   of	   displacement.	  
Surface	  monoclines	  are	  breached	  and	  transferred	  to	  the	  hanging	  wall.	  	  
The	  origins	  and	  penetration	  depths	  of	  Koa’e	  faults	  are	  still	  debated,	  with	  some	  proposing	  
that	   deformation	   is	   related	   to	   dike	   emplacement	   (e.g.	   Le	   Corvec	   and	  Walter,	   2009)	   or	  
accommodation	  of	  footwall	  uplift	  north	  of	  the	  HFS	  (Parfitt	  and	  Peacock,	  2001)	  and	  others	  
suggesting	   that	   it	   represents	   a	   “tear-­‐away	   zone”,	   related	   to	   extension	   in	   the	   ERZ	   and	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forms	   an	   incipient	   link	   between	   the	   SWRZ	   and	   ERZ	   segments,	   producing	   a	   continuous	  
zone	  of	  extension	  (Duffield,	  1975).	  The	  trend	  of	  the	  upper	  ERZ	  lies	  between	  the	  surface	  
expression	  of	  the	  rift	  and	  the	  strike	  of	  the	  Koa’e	  (90-­‐102o);	  this	  has	  been	  used	  as	  evidence	  
for	  opening	  at	  depth	  across	  a	  broad	  region	  between	  the	  Koa’e	  fault	  system	  and	  the	  upper	  
ERZ	  (Owen	  et	  al.,	  2000).	  There	  is	  good	  evidence	  for	  diking	  within	  the	  Koa’e	  fault	  system,	  
including	   the	  absence	  of	  a	  negative	  gravity	  anomaly	   in	   the	  area	   (Swanson	  et	  al.,	  2012),	  
seismicity	   propagation	   from	   the	   ERZ	   (Fiske	   and	   Koyanagi,	   1968;	   Duffield,	   1975)	   and	  
spatter	   derived	   from	   pre-­‐existing	   ground	   cracks	   (Swanson	   et	   al.,	   2012).	   There	   are	   also	  
instances	  of	  closely	  spaced,	  antithetic	  faults	  that	  are	  separated	  by	  a	  narrow	  trough;	  such	  
a	  pattern	  has	  previously	  been	  attributed	  to	  diking	  at	  depth	  in	  Iceland	  (e.g.	  Tentler,	  2005),	  
and	  thought	  to	  have	  similar	  origins	  in	  the	  Koa’e	  fault	  system	  (D.	  Swanson,	  Pers.	  Comms.	  
2014).	   	   The	   Koa’e	   fault	   system	   may	   therefore	   be	   strongly	   influenced	   by	   dike	  
emplacement,	  though	  not	  necessarily	  induced	  solely	  by	  forceful	  intrusion.	  
	  
4.3 Datasets	  
Initial	   mapping	   of	   faults	   and	   extension	   fractures	   within	   the	   Koa’e	   fault	   system	   was	  
conducted	   using	   a	   range	   of	   two-­‐dimensional	   Landsat	   ETM+	   and	   World-­‐View2	   satellite	  
(14.25	  and	  0.5	  m	  resolution,	  respectively)	  and	  three-­‐dimensional	  remote	  sensing	  datasets	  
(aerial	  LiDAR	  with	  0.5	  m	  resolution).	  Faults	  and	  extension	  fractures	  were	  cross-­‐referenced	  
in	  each	  dataset	  to	  ensure	  lineaments	  corresponded	  to	  fault-­‐related	  deformation,	  avoiding	  
any	  possible	  artefacts,	  noise	  or	  man-­‐made	  features	  in	  the	  images.	  	  
4.3.1 Data	  Analysis	  
The	  combination	  of	  LiDAR-­‐derived	  datasets	  and	  high-­‐resolution	  satellite	  imagery	  allowed	  
first	  pass	  mapping	  of	  faults	  and	  fractures	  throughout	  the	  Koa’e	  fault	  system	  before	  field-­‐
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based	   ground-­‐truthing	   took	   place.	   Extension	   fractures	   with	   apertures	   exceeding	   the	  
resolution	  of	   the	   remote	  datasets	   (0.5-­‐1	  m)	  were	  picked	  and	   traced	   in	  ArcGIS;	   aperture	  
was	  measured	  at	  multiple	  points	   each	  of	   the	   fracture	   traces	   (Figure	  4.5).	   In	   addition	   to	  
fracture	  geometry,	  and	  distribution,	  the	  wavelength	  and	  amplitude	  of	  surface	  folding	  and	  
fault	  throw	  (where	  present	  in	  the	  datasets)	  could	  be	  assessed	  (Figure	  4.5:	  cross-­‐sections	  a	  
and	  b;	  Figure	  4.6:	  cross-­‐sections	  a-­‐c).	  Total	  fracture	  lengths	  and	  maximum	  apertures	  were	  
thus	  obtained	  for	  1,849	  extension	  fractures	  in	  the	  fault	  system	  (Figure	  4.7).	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Figure	  4.5.	  Examples	  of	  picking	  structures	  from	  satellite	  and	  aerial	  LiDAR-­‐derived	  hillshade	  images	  
with	   a	   resolution	   of	   ~0.5	   m	   and	   at	   a	   scale	   of	   1:1000.	   Transects	   1	   and	   2	   demonstrate	   the	  
morphology	   of	   surface	   flexures	   in	   the	   Koa’e	   fault	   system,	   and	   the	   distribution	   of	   extension	  
fractures	  along	  their	  crest.	  N.B.	  Extension	  fractures	  do	  not	  always	  correspond	  to	  the	  outer	  arc	  of	  
the	  folds.	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Figure	  4.6.	  Examples	  of	  picking	  structures	   from	  (a)	  aerial	  LiDAR-­‐derived	  hillshade	   images	  and	  (b)	  
satellite	   images	  with	   a	   resolution	   of	   ~0.5	  m	   and	   at	   a	   scale	   of	   1:1000.	   Transects	   1-­‐3	   and	   photo	  
insets	  demonstrate	  lateral	  variations	  in	  surface	  flexure	  morphology	  and	  extension	  accommodation.	  
Transects	  1	  and	  3	  show	  rounded	  surface	  flexures,	  cut	  by	  extension	  fractures.	  Transect	  2	  shows	  a	  	  
surface-­‐breaching	  normal	  fault	  segment	  with	  clearly	  offset	  footwall-­‐hanging	  wall	  surfaces.	  Surface	  
flexure	  is	  minor	  or	  non-­‐existent	  along	  this	  fault	  segment.	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Figure	   4.7.	   Fault	   and	   extension	   fracture	   map	   of	   the	   Koa’e	   fault	   system,	   consisting	   of	   1,875	  
separate	   polylines.	   Extension	   fractures	   commonly	   form	   en	   echelon	   arrays	   that	   are	   dominantly	  
located	   in	   the	   footwall	   of	   blind	   normal	   faults.	   Fault	   traces	   are	   inferred	   based	   on	   exposed	   fault	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scarps	   or	   areas	   of	   surface	   flexure,	   which	   are	   interpreted	   to	   represent	   deformation	   above	   a	  
restricted	  blind	  normal	  fault	  tip.	  Outline	  of	  SWRZ	  and	  ERZ	  taken	  from	  Holcombe,	  1987.	  
Initial	   remote	   mapping	   in	   the	   fault	   system	   provides	   a	   first	   order	   observation	   of	   the	  
extension	  fracture	  and	  fault	  distributions	  in	  the	  region.	  This	  has	  been	  used	  as	  a	  basis	  for	  
selecting	  a	  smaller	  area	  of	  interest	  for	  high-­‐resolution	  field	  data	  collection	  with	  an	  aim	  to:	  
(1)	  better	  constrain	  the	  distribution	  of	  strains	  in	  the	  Koa’e	  fault	  system;	  and	  (2)	  determine	  
the	  geometry	  and	  the	  three-­‐dimensional	  segmentation	  of	  fault	  structures	  in	  an	  evolving	  
rift	  zone.	  
4.3.2 	  Field	  Mapping	  
Remotely	  produced	  structural	  maps	  were	  ground-­‐truthed	  during	  intensive	  field	  mapping	  
using	   Leica	   differential	   GPS	   (dGPS),	   to	   characterise	   extension	   fracture	   and	   fault	  
geometries	  and	  distributions	  to	  sub-­‐metre	  precision	  and	  accuracy.	  Geometry	  and	  length	  
data	  were	  obtained	  for	  approximately	  350	   individual	  extension	  fractures	  with	  apertures	  
ranging	   from	  0.1-­‐2.0	  m	  and	   lengths	  between	  ~0.18-­‐150	  m	   in	  a	  3	  km2	  area	  of	   the	  Koa’e	  
fault	  system.	  Above	  apertures	  of	  2	  m,	  extension	  fractures	  commonly	  start	  to	  accumulate	  
throw	   or	   show	   collapsed	   walls,	   making	   rapid	   and	   accurate	   measurement	   of	   extension	  
direction	  difficult.	   At	   this	   scale,	   fracture	   aperture	   is	   estimated	   from	   satellite	   and	   LiDAR	  
datasets,	  and	  derivative	  datasets.	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Figure	   4.8.	   a)	  Manual	   collection	   of	   fracture	   kinematic	   data:	   aperture,	   extension/opening	   direction	  
and	   azimuth.	   b)	   Differential	   GPS	   measurements	   were	   collected	   at	   multiple	   points,	   including	   the	  
extension	   fracture’s	   tips,	   and	   where	   any	   significant	   kinks	   or	   eroded	   portions	   occur	   along	   each	  
extension	   fracture.	  c)	  Extension	   fractures	  were	  given	  an	   ID	  number	  with	  additional	  values	  denoting	  
individual	   sites	   along	   each	   extension	   fracture	   where	   kinematic	   measurements	   were	   recorded.	  
Measurements	  and	  ID	  numbers	  were	  recorded	  in	  a	  field	  notebook.	  
In	  addition	  to	  geometrical	  characterisation,	  the	  following	  kinematic	  measurements	  were	  
collected	   along	   each	   extension	   fracture:	   (1)	   extension	   direction;	   (2)	   opening	   style	   (e.g.	  
purely	   tensile	   or	   extensional-­‐shear);	   (3)	   fracture	   azimuth;	   and	   (4)	   vertical	   offset	   (if	  
present)	   (Figure	  4.8a).	  Measurements	  were	   taken	  at	   the	   start	  and	  end	  of	  each	   fracture	  
(or	  as	  close	  as	  exposure	  allowed)	  as	  well	  as	  at	  a	   series	  of	   regularly	   spaced	  points	  along	  
each	  fracture	  trace	  (Figure	  4.8b	  and	  c).	  The	  resulting	  combined	  (remote	  and	  field)	  dataset	  
of	   over	   2,000	  measurements	   covers	   3	  orders	  of	  magnitude	  of	   fracture	   length	  data	   and	  
provides	   high-­‐resolution	   documentation	   of	   the	   distribution	   of	   strains	   in	   an	   evolving	  
system	  of	  normal	  faults.	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4.4 Results	  
Structural	   characterisation	  of	  brittle	  deformation	   in	   the	  Koa’e	   fault	   system	   is	   separated	  
into	  two	  types:	   (1)	  extension	  fractures	  that	  demonstrate	  an	  opening	  and	  no	  throw,	  and	  
(2)	  normal	  faults	  that	  demonstrate	  an	  opening	  and	  a	  vertical	  offset	  (throw).	  In	  the	  Koa’e	  
fault	   system,	   faults	   scarps	   show	   significant	   horizontal	   components	   of	   displacement	   in	  
addition	  to	  their	  throw.	  	  
	  
4.4.1 Fracture	  Geometry	  and	  Distribution	  
Due	   to	   the	   limited	  number	  of	   surface-­‐breaching	   fault	   segments	   in	   the	  areas	  of	   interest	  
(AOI),	  the	  displacements	  and	  distribution	  of	  extension	  fractures	  at	  the	  surface	  are	  used	  as	  
a	   proxy	   to	   the	   slip	   distribution	   and	   kinematics	   of	   underlying	   fault	   segments,	   on	   the	  
assumption	  that	  extension	  fractures	  developing	  within	  the	  process	  zone	  of	  blind	  normal	  
faults	   scale	   linearly	  with	   the	   size	   of	   the	   process	   zone	   (see	   Chapter	   2,	   section	   2.1.2	   for	  
definition	  of	   this	   term).	   In	   this	  case,	   larger	   fracture	  apertures	  may	  reflect	  greater	  stress	  
intensities	  ahead	  of	   larger	  faults	  at	  depth	  and	  the	  location	  of	  displacement	  maxima	  in	  a	  
set	  of	  extension	  fractures	  coincides	  with	  the	  displacement	  maxima	  on	  the	  fault	  at	  depth.	  	  
	  
4.4.1.1 Fracture	  Distribution	  and	  Scaling	  
Extension	  fractures	  in	  the	  Koa’e	  fault	  system	  form	  zones	  up	  to	  3-­‐5	  km	  in	  length	  and	  30-­‐50	  
wide,	  most	  commonly	  in	  the	  footwalls	  of	  blind,	  or	  surface-­‐breaching	  faults,	  which	  die	  out	  
laterally	   into	   linear	   sets	   of	   extension	   fractures.	   At	   the	   free	   surface,	   extension	   fractures	  
initiate	   along	  pre-­‐existing	   cooling	   joints	   in	   the	   lavas	   that	   are	   favourably	  oriented	   to	   the	  
regional	   minimum	   compressive	   stress	   direction.	   The	   reactivation	   of	   pre-­‐existing	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(cohesionless)	  cooling	  joints	  appears	  to	  exert	  the	  primary	  control,	  at	  a	  local	  scale,	  and	  at	  
near-­‐surface	   depths,	   on	   the	   geometry	   of	   the	   fractures,	   producing	   their	   characteristic	  
zigzag	  traces	  (Figure	  4.9).	  At	  greater	  depths,	  joints,	  which	  have	  healed,	  been	  sealed	  or	  are	  
characterised	  by	  high	  effective	  shear	  strengths,	  may	  not	  present	  the	  primary	  control.	  For	  
instance,	  shear-­‐dominated	  seismicity	  is	  common	  at	  2-­‐5	  km	  depth	  beneath	  the	  Koa’e	  fault	  
system,	  but	  also	  occurs	  at	  ~0.5-­‐1	  km	  depth	  (Lin	  and	  Okubo,	  2016).	  
	  
Figure	  4.9.	  Examples	  of	  extension	  fractures	  in	  the	  Koa’e	  fault	  system,	  which	  show	  a	  variety	  of	  path	  
geometries.	  a)	  Underlapping,	  curved.	  b)	  Overlapping,	  straight.	  c)	  Extension	  fracture	  openings	  show	  
wall	   displacement	   in	   a	   direction	   orthogonal	   to	   their	   strike	   dimension.	   ~	   90%	  of	   fractures	   in	   the	  
Koa’e	   are	   purely	   open-­‐mode	   (extensional).	   (d)	   There	   are	   four	   instances	   of	   fractures	   that	  
demonstrate	  mixed-­‐mode	  (extensional-­‐shear)	  opening.	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Mapping	  of	  subvertical	  extension	  fracture	  networks	  show	  them	  to	  be	  parallel	  to	  surface-­‐
breaching	  fault	  scarps	  or	  the	  long	  axes	  of	  surface	  flexures,	  and	  to	  vary	  in	  length	  from	  a	  
few	  metres	  to	  more	  than	  200	  m	  (Figure	  4.10a)	  with	  apertures	  most	  commonly	  of	  0.3-­‐0.6	  
m	  (Figure	  4.10b).	  
	   	  
Figure	  4.10.	  Distribution	  of	  fracture	  lengths	  and	  maximum	  apertures.	  a)	  Histogram	  of	  frequency	  as	  a	  
function	  of	  fracture	  length	  in	  metres.	  b)	  Histogram	  of	  frequency	  as	  a	  function	  of	  fracture	  aperture	  in	  
metres.	  
Log-­‐log	   graphs	   of	   cumulative	   number	   plot	   against	   length	   (Figure	   4.11a,	   b)	   and	   against	  
maximum	   aperture	   (Figure	   4.11c,	   d)	   indicate	   exponential	   scaling	   distributions.	   	   Such	   a	  
distribution	  has	  been	  recognised	  in	  both	  oceanic	  fault	  populations	  (e.g.	  Cowie,	  1998)	  and	  
continental	   fault	  populations	   (e.g.	  Gupta	  and	  Scholz,	  2000b).	   It	  has	  been	  suggested	  that	  
non-­‐power	  law	  scaling	  may	  be	  a	  short-­‐term	  characteristic	  of	  interacting	  populations	  or	  an	  
indicator	  of	  different	  processes	  or	  controls	  operating	  at	  different	  scales	  (e.g.	  Cartwright	  et	  
al.,	  1995;	  Nicol	  et	  al.,	  1996b).	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Figure	  4.11.	  Population	  distribution	  plots.	  a)	  Power	  law	  distribution	  for	  extension	  fracture	  length.	  
b)	  Exponential	  distribution	   for	  extension	   fracture	   length.	  c)	  Power	   law	  distribution	   for	  maximum	  
extension	  fracture	  aperture.	  d)	  Exponential	  distribution	  for	  maximum	  extension	  fracture	  aperture.	  
Plots	   suggest	   fracture	   scaling	   in	   the	   Koa’e	   fault	   system	   is	   best	   described	   using	   an	   exponential	  
function.	  
Scatter	   in	   the	   graphs	   in	   Figure	   4.11	   may	   be	   related	   to	   exposure	   or	   local	   variations	   in	  
aperture	   associated	   with	   non-­‐tectonic	   opening,	   such	   as	   wall	   collapse	   and	   subsidence,	  
which	   would	   lead	   to	   underestimate	   lengths	   and	   overestimated	   apertures,	   respectively.	  
Interaction	  between	  neighbouring	  fractures	  may	  also	  lead	  to	  higher	  than	  expected	  aspect	  
ratios	  and	  skewed	  scaling	  patterns	  (maximum	  aperture	  divided	  by	  the	  fracture	  length).	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4.4.1.2 Fracture	  Kinematics	  and	  Segmentation	  
Detailed	   fracture	   mapping	   in	   the	   AOI	   has	   revealed	   a	   series	   of	   fracture	   networks	   that	  
follow	  two	  dominant	  orientations:	  (1)	  a	  rift-­‐parallel	  080°	  (ENE)	  set	  (Figure	  4.12,	  sets	  A	  and	  
C);	   and	   (2)	   a	   rift-­‐oblique	   110°	   (ESE)	   set	   (Figure	   4.12,	   set	   B).	   Both	   fracture	   sets	   display	  
purely	  extensional	  openings	   (Figure	  4.12,	   rose	  plots).	   	  Rift-­‐parallel	   (ENE)	   fracture	   sets	   in	  
the	   AOI	   represent	   the	   surface	   expression	   of	   two	   en	   echelon,	   rift	   zone-­‐parallel	   blind	  
normal	   fault	   segments,	   separated	  by	   approximately	   700	  m	   (Figure	  4.12).	   The	  estimated	  
fault	  trace	  length	  based	  on	  the	  map	  view	  extent	  of	  extension	  fractures	  of	  set	  A	  is	  ~3	  km	  
and	  the	  estimated	  length	  of	  C	  is	  1-­‐1.5	  km.	  Based	  on	  their	  surface	  expression	  (interpreted	  
using	  extension	  fracture	  distributions),	  the	  two	  faults	  appear	  to	  be	  underlapping,	  however,	  
it	   is	  noted	  this	  may	  not	  be	   true	   in	   the	  sub-­‐surface.	  Between	  these	  two	  segments,	   is	   the	  
rift-­‐oblique,	   ESE,	   set	   of	   fractures	   that	   appear	   to	   be	   developing	   ahead	   of	   a	   separate,	  
obliquely	   striking	   fault	   segment	   at	   depth,	   or	   a	   tip-­‐to-­‐plane	   linkage	   of	   fault	   C.	   A	   total	  
displacement	   (aperture)	   profile	   has	   been	   measured	   using	   the	   summed	   apertures	   of	  
fractures	   along	   the	   array.	   This	   profile	   (Figure	   4.13)	   does	   not	   exhibit	   a	   centrally	   located	  
displacement	  maxima,	   implying	  that	  the	  extension	  fracture	  networks	  are	  not	  developing	  
as	  geometrically	  and	  kinematically	  coherent	  segments	  of	  a	  single	  structure	  at	  depth,	  but	  
are	  rather	  interacting	  initially	  isolated	  faults.	  
	  
	  
Figure	  4.12.	  An	  aerial	  LiDAR-­‐derived	  DEM	  for	  the	  mapped	  area	  of	  the	  Koa’e	  fault	  system	  showing	  
fracture	  distributions,	  orientations	  and	  kinematics.	  Two	  main	  extension	  fracture	  sets	  are	  identified:	  
ENE-­‐WSW	  (A	  and	  B),	   and	  ESE-­‐WNW.	  Small	  black	   (precise)	  and	  orange	   (larger	   fracture	  estimates)	  
arrows	  on	   individual	  polylines	   indicate	  opening	  directions	  at	  multiple	  points	  along	  each	   fracture.	  	  
These	  are	  summarised	  by	  the	  inset	  rose	  diagrams	  of	  opening	  direction	  and	  average	  strike	  (red	  line	  
on	  rose	  plots).	  The	  results	  show	  that	  fractures	  in	  each	  set	  show	  purely	  extensional	  openings.	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Figure	   4.13.	   Total	   displacement	   profiles	   for	   the	   extension	   fracture	   array,	  which	   is	   interpreted	   to	  
parallel	   blind	   fault	   sets	   A	   and	   C,	   show	   asymmetric	   displacement	   profiles	   with	   high	   gradients	  
approaching	  set	  B.	  Set	  B	  shows	  a	  slightly	  asymmetric,	  with	  a	  minor	  gradient	  developing	  towards	  set	  
C	  and	  aperture	  deficits	  at	  each	  tip.	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Figure	  4.14.	  	  a)	  Distribution	  of	  extension	  fractures	  at	  the	  tip	  of	  set	  A.	  b)	  A	  combined	  displacement-­‐	  
length	   profile	   showing	   extension	   fracture	   aperture	   (coloured	   polylines),	   total	   aperture	   (dotted	  
grey	   profile),	   fault	   throw	   (where	   present:	   dotted	   blue	   line),	   flexure	   height	   (solid	   blue	   line)	   and	  
combined	  flexure-­‐throw	  (dashed	  blue	  line).	  	  Arrows	  indicate	  the	  dip-­‐direction	  of	  faults	  or	  surface	  
flexures	   (a	   proxy	   for	   fault	   dip	   direction	   at	   depth).	   Points	   of	   maximum	   fracture	   aperture	   also	  
approximately	  correspond	  to	  the	  locations	  of	  surface-­‐breaking	  fault	  segments.	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SET	  A:	  Extension	  fractures	  show	  a	  symmetrical	  total	  aperture	  profile	  with	  a	  displacement	  
maximum	   in	   the	   centre	   of	   the	   array	   (Figure	   4.14).	   The	   set	   is	   composed	   of	   two	   parallel	  
strands	   of	   primarily	   composite,	   hard-­‐linked	   extension	   fractures	   up	   to	   150	  m	   long	   with	  
apertures	  of	  up	   to	  5	  m.	  The	   two	  sets	  are	   interpreted	   to	  be	   surface	  expressions	  of	  blind	  
normal	  fault	  splays	  (F1	  and	  F2).	  Surface	  flexure	  amplitude	  is	  high	  (~15	  m)	  and	  the	  greatest	  
fracture	   apertures	   coincide	  with	   the	   areas	   of	   highest	   flexure	   amplitude	   or	   segments	   of	  
surface-­‐breaching	   fault	   (F1).	   Though	   unconnected	   in	   map	   view,	   there	   is	   a	   set	   of	   short	  
fractures	  at	  the	  tip	  of	  A	  (≤10	  m	  in	  length),	  showing	  relatively	  minor	  apertures	  of	  up	  to	  1m,	  
that	  are	  included	  in	  the	  same	  set.	  The	  timing	  of	  their	  development	  remains	  unclear;	   it	   is	  
unknown	  if	  these	  represent	  the	  abandoned	  tip	  of	  fault	  A,	  or	  reflect	  a	  more	  recent	  stage	  of	  
post-­‐breach	  fault	  propagation.	  Extension	  fractures	  form	  two	  sets	  that	  converge	  near	  the	  
tip	  of	  set	  A	  and	  parallel	  the	  crest	  of	  surface	  flexures	  that	  dip	  in	  opposing	  directions.	  	  
Set	   B:	   Fractures	   show	   a	   defined	   displacement	   gradient	   with	   a	   point	   of	   maximum	  
displacement	  that	  is	  shifted	  slightly	  towards	  the	  tip	  of	  bounding	  set	  C	  (Figure	  4.15,).	  The	  
lateral	   tips	   taper	   towards	   zero,	  with	   a	   steep	  displacement	   gradient	   proximally	   to	   either	  
bounding	  set.	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Figure	   4.15.	   a)	  Distribution	  of	  extension	  fractures	   in	   the	  AOI.	  b)	  Displacement	   (aperture)-­‐length	  
profiles	   for	   fracture	   set	   B.	   Total	   displacement	   profile	   (dotted,	   grey	   line)	   is	   asymmetric	   with	   the	  
maximum	  aperture	  shifted	  slightly	  off-­‐centre,	  towards	  the	  tip	  of	  set	  C.	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SET	  C:	  Fractures	  are	  associated	  with	  a	  single	  north-­‐dipping	  fault	  that	  forms	  the	  southern	  
bounding	  fault	  of	  the	  relay	  zone	  (Figure	  4.16).	  Displacement-­‐length	  profiles	  show	  a	  highly	  
asymmetrical	  aperture	  gradient	  with	  the	  greatest	  apertures	  located	  at	  the	  western	  tip	  of	  
the	   array.	   Approaching	   the	   tip	   there	   is	   a	   surface-­‐breaching	   fault	   segment,	   indicating	  
significantly	  higher	  elastic	  strains	  exist	  at	  the	  tip	  of	  this	  structure.	  
	  
Figure	  4.16.	   	   (a)	  Distribution	  of	   fractures	   in	  set	  C.	  b)	  Displacement-­‐length	  profiles	   for	  extension	  
fractures	  in	  set	  C.	  A	  total	  displacement	  profile	  (dotted,	  grey	  line)	  is	  strongly	  asymmetric,	  with	  the	  
steepest	  gradient	  towards	  the	  western	  tip,	  close	  to	  the	  junction	  with	  set	  B.	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Figure	  4.17.	   	   (a)	  Distribution	  of	  fractures	   in	  set	  D.	  b)	  Displacement-­‐length	  profiles	  for	  extension	  
fractures	  in	  set	  D.	  Total	  displacement	  profiles	  (dotted,	  grey	  line)	  are	  strongly	  asymmetric.	  	  
SET	  D:	  Fractures	  of	  set	  D	  show	  the	  smallest	  apertures	  and	  lengths	  in	  the	  dataset	  (Figure	  
4.17),	   and	   unlike	   the	   other	   sets,	   are	   not	   associated	   with	   any	   surface	   flexure.	  
Displacement-­‐length	   profiles	   show	   dominantly	   asymmetrical	   profiles	   with	   a	   maximum	  
located	  halfway	  along	  the	  array.	  Set	  D	  may	  represent	  an	  along-­‐strike	  continuation	  of	  F1	  
and	  F2	  of	  set	  E	  (see	  Figure	  4.18),	  implying	  the	  propagation	  of	  a	  new	  rift-­‐parallel	  fault	  that	  
cuts	  set	  B.	  	  
SET	   E:	   Extension	   fractures	   form	   two	   separate	   linear	   arrays,	   associated	   with	   two	   fault	  
structures:	  F1	  and	  F2	  that	  are	  separated	  by	  50	  m	  and	  dip	  in	  opposite	  directions,	  forming	  a	  
small	  graben	  (Figure	  4.18a).	  Three	  segments	  of	  surface-­‐breaking	  fault	  are	  identified	  along	  
F1	  (Figure	  4.18b),	  although	  it	  is	  not	  possible	  to	  trace	  this	  further	  east	  due	  to	  a	  gap	  in	  the	  
aerial	   LiDAR	   dataset.	   Fault	   segments	   are	   located	   approximately	   mid-­‐way	   along	   the	  
inferred	   trace	   of	   the	   structure	   and	   coincide	  with	   the	  maximum	  apertures	   for	   fractures.	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Fracture	  apertures	  decrease	  towards	  the	  oblique	  (ESE)	   fracture	  trend	  of	  set	  B.	  Fractures	  
that	   form	  the	  surface	   trace	  of	  F2	   show	  smaller	  apertures	   than	   those	  of	  F1	   (<2	  m	   for	  F2	  
fractures	   and	   up	   to	   4	  m	   for	   fractures	   of	   F1)	   but	   the	   total	   displacement	   profile	   exhibits	  
three	   points	   of	   displacement	   deficits,	   implying	   the	   fault	   is	   comprised	   of	   approximately	  
four	  components	  (Figure	  4.18c).	  
	  
Figure	  4.18.	  	  (a)	  Distribution	  of	  fractures	  in	  set	  E.	  b)	  A	  combined	  throw-­‐aperture-­‐length	  profile	  for	  
fault	   segment	   F2.	   c)	   A	   combined	   throw-­‐aperture-­‐length	   profile	   for	   fault	   segment	   F3.	   Points	   of	  
maximum	   fracture	  aperture	  also	   correspond	   to	   the	   locations	  of	   surface-­‐breaking	   fault	   segments.	  
Arrows	  indicate	  the	  dip-­‐direction	  of	  faults	  or	  flexed	  ground	  surface	  (a	  proxy	  for	  fault	  dip	  direction	  
at	  depth).	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4.4.1.3 Fracture	  Interaction	  
To	  attempt	  to	  define	  the	  relative	  role	  of	  fracture	  interaction	  within	  the	  AOI,	  displacement	  
gradients	  are	  quantified	  here	  using	  a	   value	  of	   asymmetry	   that	   is	  normalised	   to	   fracture	  
length.	   This	   allows	   direct	   comparison	   of	   fractures	   across	   the	   fault	   system,	   and	  
identification	  of	  the	  amount	  of	  displacement	  asymmetry	  and	  thus,	  the	  relative	  degree	  of	  
tip	  restriction	  effecting	  individual	  fractures.	  The	  method	  assumes	  that	  an	  isolated	  fracture	  
that	  is	  unrestricted	  by	  free	  surfaces	  will	  propagate	  with	  an	  elliptical	  tip	  line,	  to	  produce	  a	  
symmetric	   displacement	   gradient	   through	   its	   centre.	  Displacements	   that	   do	  not	   show	  a	  
centralised	  displacement	  (aperture)	  maximum	  (Dmax)	  can	  be	  described	  as	  asymmetric,	  and	  
the	   amount	   of	   asymmetry	   can	   be	   defined	   as	   the	   displacement	   asymmetry:	   	   values	  
approaching	   0	   indicate	   a	   symmetrical	   profile	   and	   values	   approaching	   1/-­‐1	   indicate	   an	  
asymmetrical	   profile.	   The	   distance	   from	   each	   fracture	   tip	   to	   the	   point	   of	   maximum	  
displacement	   (Dmax)	   is	   measured	   to	   find	   how	   far	   from	   either	   tip	   Dmax	   is	   located	   (Figure	  
4.19a).	  The	  proximity	  of	  this	  point	  to	  either	  tip	  is	  taken	  to	  reflect	  inhibited	  propagation	  in	  
that	   direction.	   Negative	   or	   positive	   values	   indicate	   the	   direction	   (Figure	   4.19b)	   of	   the	  
steepest	  displacement	  gradient,	  which	  reflects	  the	  direction	  and	  magnitude	  of	  interaction	  
and	  tip	  restriction	  (to	  the	  left	  or	  right	  of	  Dmax).	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Figure	   4.19.	   	  The	  method	  used	   to	  estimate	   the	  amount	  of	   interaction	  experienced	  by	   individual	  
fractures.	   The	   distance	   from	   each	   extension	   fracture	   tip	   to	   the	   point	   of	   maximum	   aperture	   is	  
measured,	   this	   value	   is	   then	  normalised	  by	  extension	   fracture	   length	   (a).	  An	  example	  of	   two	  en	  
echelon	   extension	   fractures:	   the	   blue	   fracture	   shows	   a	   low	   interaction	   value	   (0.04)	   and	   a	  
symmetrical	  displacement-­‐length	  profile,	  while	  the	  red	  fracture	  shows	  a	  higher	  value	  (0.7)	  and	  a	  
steeper,	   asymmetrical	   aperture-­‐length	   profile.	   Maxima	   located	   to	   the	   left	   of	   centre	   will	   give	  
negative	  values,	  and	  positive	  for	  maxima	  to	  the	  right	  of	  centre.	  
For	  instance,	  a	  negative	  value	  of	  0.2	  has	  the	  same	  magnitude	  as	  a	  positive	  0.2	  but	  reflects	  
an	  opposite	  polarity	  of	   interaction.	  Of	  the	  extension	  fractures	  within	  the	  AOI,	  65%	  show	  
steep	  displacement	  gradients	  and	  asymmetry	  values	  that	  are	  greater	  than	  0.2;	  examples	  
of	  symmetrical	  (or	  near-­‐symmetrical)	  displacement	  profiles	  with	  values	  approaching	  zero	  
(values	  of	  0-­‐0.2),	  account	  for	  approximately	  35%	  of	  the	  dataset.	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Figure	   4.20.	   	   Displacement	   -­‐length	   graph	   for	   two	   en	   echelon	   extension	   fractures	   in	   the	   AOI	  
demonstrating	  profile	  asymmetry,	  and	  therefore	   lateral	  tip	  restriction	  and	  continued	  extension.	  
Measurements	   for	   the	   blue	   fracture	   produce	   a	   higher	   relative	   displacement	   gradient	   than	   the	  
shorter	  red	  fracture.	  
	  
Figure	  4.21.	  	  Example	  of	  pathways	  and	  asymmetry	  values	  of	  an	  array	  of	  fractures	  with	  a	  centrally	  
located	  composite	  aperture	  maxima.	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Asymmetric	  displacement-­‐length	  profiles	  do	  not	  typically	  show	  equal	  values	  on	  opposing	  
fractures,	   and	   in	   some	   instances	   larger	   fractures	   show	   greater	   interaction	   values	   than	  
adjacent	   smaller	   fractures	   (Figure	   4.20).	   It	   is	   also	   common	   for	   profiles	   to	   show	  
symmetrical	   displacement	   gradients,	   with	   little	   evidence	   for	   increased	   displacement	  
gradients	   at	   fracture	   tips,	   despite	   a	   close	   spatial	   proximity	   between	   neighbouring	  
fractures	  (e.g	  the	  green	  fracture	  in	  Figure	  4.21).	  In	  other	  examples,	  profiles	  demonstrate	  
asymmetrical	  profiles	  despite	  relatively	  large	  distances	  to	  neighbouring	  fractures.	  	  
4.4.2 Surface	  Flexure	  
Sets	   of	   interacting,	   segmented	   extension	   fractures	   are	  most	   commonly	   associated	  with	  
areas	  of	  surface	  flexure,	  the	  crests	  of	  which	  parallel	  the	  extension	  fracture	  trend	  (Figure	  
4.22).	   These	   flexures	   are	   generally	   low-­‐amplitude	   folds	   that	   are	   commonly	   heavily	  
fractured.	   Existing	   models	   for	   fault	   propagation	   in	   the	   Koa’e	   predict	   the	   existence	   of	  
“monoclinal”	  surface	  flexures	  above	  the	  tips	  of	  blind	  normal	  faults	  during	  the	  early	  stages	  
of	  fault	  growth	  (e.g.	  Martel	  and	  Langley,	  2006).	  Field	  mapping,	  however,	  suggests	  that	  this	  
model	  may	  not	  account	  for	  all	  instances.	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Figure	   4.22.	   	   Aerial	   and	   cross-­‐sectional	   view	   of	   a	   typical	   surface	   flexure	   in	   the	   Koa’e.	   	   The	  
longitudinal	   axis	   of	   the	   flexure	   follows	   the	   trend	   of	   extension	   fractures,	   and	   presumably,	   an	  
underlying	   fault.	   LiDAR-­‐derived	   cross-­‐sections	   show	   that	   flexures	   are	   gently	   dipping	   with	  
amplitudes	  here	  of	  6-­‐10	  m	  and	  wavelengths	  of	  a	  few	  tens	  of	  metres.	  
Surface	  flexures	  in	  the	  Koa’e	  may	  be	  split	  into	  two	  types	  based	  on	  their	  spatial	  extent	  and	  
associated	  fracture	  density:	  	  
1)	   Laterally	   continuous	   flexure	   (Figure	   4.22	   and	   4.23):	   In	   western	   and	   central-­‐western	  
areas	  of	  the	  Koa’e,	  gently	  dipping	  flexures	  that	  parallel	  the	  trend	  of	   inferred	  fault	  traces	  
and	  extension	   fracture	  networks	   are	  observed	  as	   continuous	   structures	   for	  distances	  of	  
up	  to	  ~3	  km.	  Flexures	  of	  this	  type	  are	  rarely	  breached	  and	  show	  amplitudes	  of	  up	  to	  ~10-­‐
12	  m,	  comparable	  to	  throw	  values	  for	  surface-­‐breaking	  fault	  segments.	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Figure	  4.23.	   	  Examples	  of	  laterally	  continuous	  surface	  flexures.	  a)	  Flexures	  dip	  gently	  and	  vary	  
from	  a	  2	  m	  to	  ~	  10	  m	  in	  amplitude.	  (b)	  Laterally	  continuous	  traces	  for	  over	  1	  km,	  and	  commonly,	  
steep	  and	  rubbly	  toes.	  (c)	  Extension	  fractures	  often	  show	  extensive	  wall	  collapse	  (here	  buried	  in	  
recent	   tephra	   from	  Kilauea	  Volcano)	   and	   show	   the	   appearance	  of	   a	   breached	  monocline.	   (d)	  
Forward	  migration	  of	  flexures	  is	  apparent	  on	  one	  fault	  in	  the	  fault	  system,	  with	  uplift	  of	  ~15	  m	  
accommodated	  by	  two	  flexed	  structures	  that	  are	  stacked	  on	  top	  of	  each	  other.	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Figure	   4.24.	   	   Examples	   of	   laterally	   discontinuous	   surface	   flexures.	   a)	   Flexures	   form	   densely	  
fractured,	  often	  disintegrated	  blocks	  in	  the	  hanging	  wall	  of	  faults.	  b)	  Lengths	  vary	  from	  10	  m	  to	  70	  
m	  and	  amplitudes	  from	  2	  m	  to	  15	  m	  (image	  shows	  ~12	  m	  vertical	  offset).	  c)	  Areas	  of	  discontinuous	  
flexure	  are	  separated	  by	  co-­‐linear	  surface-­‐breaking	  fault	  segments	  and	  match	  the	  vertical	  offset	  of	  
adjacent	  surface-­‐breaking	   fault	  segments.	  d)	  Planar	  hanging	  wall	  and	   footwall	   surfaces	  are	  offset	  
(here,	  by	  ~	  2.5	  m)	  across	  discontinuous	  sections	  of	  fractured	  and	  rotated	  hanging	  wall	  and	  normal	  
fault	  segments.	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Extension	  fracture	  sets	  are	  occasionally	  located	  along	  the	  crest	  of	  the	  limbs	  of	  the	  flexures,	  
where	  outer	  arc	  extension	  may	  contribute	  to	  their	  opening.	  Elsewhere,	  however,	  zones	  of	  
extension	   fracturing	   occurs	   without	   any	   evidence	   for	   surface	   flexure	   (e.g.	   set	   D	   or	   the	  
eastern	   lateral	   tip	   of	   fault	   C),	   which	   implies	   that	   additional	   arc-­‐tension	   is	   a	   local	   effect	  
rather	  than	  a	  driving	  process	  behind	  extension	  fracture	  growth.	  
	  
2)	  Laterally	   discontinuous	   flexure	   (Figure	  4.24):	   In	  eastern	  and	   central-­‐eastern	  areas	  of	  
the	   Koa’e	   fault	   system	   (e.g.	   the	   Kulanaokuaiki	   fault	   in	   the	   eastern	   Koa’e)	   we	   observe	  
discontinuous,	   highly	   fractured	   or	   disintegrated	   hanging	   wall	   blocks	   that	   are	   located	  
between	  co-­‐linear	  or	  partially	  overlapping,	   surface-­‐breaking	  normal	   fault	   segments	  with	  
throws	   of	   10-­‐15	  m.	   These	   isolated	   blocks	   demonstrate	   limited	   lateral	   extents	   (30	  m	   to	  
~150	  m)	  with	  very	  steeply	  dipping	  surfaces.	  	  
	  
The	  mapped	  flexures	  (or	  rotations)	  are	  never	  breached	  by	  faults,	  despite	  being	  parallel	  to	  
the	  trend	  of	  adjacent	  fault	  segments	  (Figure	  4.25);	  instead	  they	  match	  the	  vertical	  offset	  
on	   either	   side	   and	   form	   isolated	   blocks,	   connected	   to	   the	   fault	   segments	   by	   co-­‐linear	  
extension	   fractures,	  at	  various	  points	  along	  some	  main	   fault	   traces.	   Their	   limited	   lateral	  
extent,	   fragmented	   appearance	   and	   steep	   dip	   give	   the	   appearance	   of	   a	   rotation	   rather	  
than	  a	   fault-­‐propagation	   fold.	   Such	   rotational	   features	  have	  been	  predicted	   in	  analogue	  
models	  of	  fault	  propagation	  in	  brittle	  sequences	  (Holland	  et	  al.,	  2006;	  Michie	  et	  al.,	  2014).	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Figure	   4.25.	   	  Map	   view	   of	   discontinuous	   surface	   flexures	   along	   a	  major	   fault	   in	   the	   Koa’e	   fault	  
system.	  In	  all	  three	  examples,	  we	  identify	  a	  series	  of	  fractured	  hanging	  wall	  blocks	  (dotted,	  yellow	  
lines)	  that	  appear	  to	  be	  isolated	  between	  segments	  of	  surface-­‐breaching	  normal	  faults	  (heavy	  red	  
line).	  None	  of	  the	  blocks	  are	  breached	  by	  faults.	  
Areas	  of	  continuous	  flexure	  are	  characteristic	  of	  the	  central-­‐western	  and	  western	  portions	  
of	   the	   fault	   system	  where	  magmatic	   activity	   is	   known	   to	   be	   low	   (e.g.	   Holcombe,	   1987;	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Moore	   and	   Trusdell,	   1993).	   Elsewhere	   discontinuous	   surface	   flexure	   and	   surface-­‐
breaching	  faults	  are	  observed	  in	  the	  magmatically	  more	  active	  eastern	  Koa’e.	  Magmatism	  
at	   depth	  may	   therefore	   have	   a	   strong	   influence	   on	   strain	   rates	   and	   the	   propagation	   of	  
faults	  in	  the	  Koa’e	  fault	  system.	  
	  
4.4.3 Fault	  Geometry	  and	  Distribution	  
Faults	  form	  parallel	  arrays	  of	  N	  to	  NNW	  dipping,	  sub-­‐vertical	  strands	  that	  follow	  the	  ENE	  
(080o)	  trend	  of	  the	  east	  rift	  zone	  and	  comprise	  approximately	  20%	  of	  inferred	  fault	  traces	  
in	   the	   Koa’e	   fault	   system.	   Fault	   scarps	   form	   discontinuous	   segments	   of	   inferred	   fault	  
traces	  in	  eastern	  and	  central-­‐eastern	  portions	  of	  the	  fault	  system.	  In	  addition	  to	  a	  vertical	  
component	  of	  displacement,	  all	  surface-­‐breaching	  fault	  segments	  demonstrate	  significant	  
horizontal	   openings	   along	   composite	   extension	   fracture	   traces	   up	   to	   200	   m	   in	   length	  
(Figure	  4.25).	  Faults	  scarps	  have	  not	  lost	  their	  inherited	  joint	  surface	  irregularities	  and	  we	  
find	   no	   evidence	   for	   slickenlines	   or	   slickensides	   on	   fracture	   surfaces	   to	   indicate	   initial	  
shear	   displacement,	   agreeing	   with	   previous	   authors	   that	   surface	   faulting	   in	   the	   Koa’e	  
develops	   through	   linkage	   with	   early	   forming	   extension	   fractures	   that	   have	   reactivated	  
joints	   at	   the	   free	   surface	   (e.g.	   Peacock	   and	   Parfitt,	   2002;	   Holland	   et	   al.,	   2006).	  Where	  
present,	  fault	  scarps	  offset	  planar	  footwall	  and	  hanging	  wall	  ground	  surfaces	  by	  up	  to	  ~20	  
m	  and	  do	  not	   breach	   areas	   of	   surface	   flexure,	   contrary	   to	   the	   expectations	   of	   previous	  
studies	  of	   fault	  propagation	   in	  basaltic	   sequences,	  which	  argue	   that	   they	  are	  precursors	  
(e.g.	  Grant	  and	  Kattenhorn,	  2004;	  Martel	  and	  Langley,	  2006).	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Figure	   4.26.	   	  Examples	  of	  surface-­‐breaching	   fault	   segments	  along	   three	   fault	   traces	   in	   the	  Koa’e	  
fault	  system.	  a-­‐b)	  The	  White	  Rabbit	  fault.	  c)	  The	  Kulanaokuaiki	  fault	  (see	  Figure	  4.35	  for	  locations).	  
d)	   The	   Ohale	   Fault.	   All	   scarps	   show	   a	   significant	   component	   of	   horizontal	   opening	   and	   offset	  
planar	   footwall	   and	  hanging	  wall	   ground	   surfaces.	   The	   largest	   vertical	   offsets	   (up	   to	   ~15m)	   and	  
greatest	  proportion	  of	  breaching	  fault	  segments	  are	  found	  on	  the	  Kulanaokuaiki	  (“Shaking	  Spine”)	  
fault.	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Figure	   4.27.	   a)	  WorldView	   satellite	   image	   of	   the	   full	   extent	   of	   Fault	   A.	   The	   total	   length	   of	   this	  
structure	   is	   ~5	   km.	   The	   map	   traces	   is	   characterised	   by	   numerous	   steps	   or	   bends,	   which	   are	  
interpreted	   to	   represent	   individual	   segments	   that	   initiated	   in	   isolated	   but	   linked	   to	   form	   the	  
composite	  fault	  structure.	  b)	  Analysis	  in	  this	  chapter	  focuses	  on	  the	  eastern-­‐most	  segment	  of	  this	  
fault	  (which	  comprises	  3	  segments:	  F1,	  F2	  and	  F3).	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Fault	  A:	  The	  total	  trace	  length	  of	  this	  fault	  is	  ~5	  km	  and	  forms	  the	  eastern	  most	  segment	  
of	  a	  5.3	  km	  long	  fault	  (Figure	  4.27)a.	  In	  map	  view,	  this	  structure	  has	  a	  sinuous	  appearance,	  
suggesting	   it	  comprises	  5-­‐6	  north-­‐dipping	  segments	  and	  a	  continuous	  surface	  flexure,	  of	  
up	  to	  10	  m	  in	  amplitude,	  is	  also	  present	  for	  much	  of	  its	  composite	  length.	  The	  tip	  area	  of	  
the	   eastern	   most	   fault	   segment	   is	   considered	   here	   (Figure	   4.27b).	   F1	   represents	   the	  
primary	   fault	  and	  F2	  and	  F3	  are	   likely	   to	  be	  splays	   from	  this	  structure	  that	  have	  not	  yet	  
breached	   the	   surface	   (Figure	   4.28a).	   Despite	   hosting	   the	   largest	   extension	   fracture	  
apertures	  (5-­‐7	  m)	  and	  flexure	  heights	  (~10	  m)	  in	  the	  fault	  system	  (Figure	  4.28b	  and	  Figure	  
4.30a),	  only	  3	  segments	  of	  surface-­‐breaking	  faults	  are	  observed.	  Extensional	  strain	  on	  this	  
structure	  appears	  to	  be	  accommodated	  at	  the	  surface	  by	  gaping	  fissures	  and	  flexure.	  
Figure	   4.28.	   	   a)	   Distribution	   of	   extension	   fractures	   that	   form	   set	   A.	   b)	   Associated	   profiles	   of	  
displacement-­‐length,	   flexure	   height	   and	   fault	   throw	   (b).	   Fault	   A	   may	   be	   separated	   into	   3	   north-­‐
dipping	  segments.	  Fractures	  of	  F1	  have	  the	  largest	  apertures	  in	  the	  AOI	  and	  are	  associated	  with	  the	  
greatest	  surface	  flexure	  (up	  to	  ~10m).	  Despite	  large	  apertures,	  only	  small	  sections	  of	  surface-­‐breaking	  
faults	   are	   present,	   towards	   the	   eastern	   tip.	   	   Fractures	   of	   F2	   and	   F3	  may	   represent	   a	   splays	   of	   the	  
primary	  fault	  (F1),	  but	  have	  not	  yet	  breached	  the	  surface.	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Fault	  C:	  This	  fault	  is	  expressed	  principally	  as	  a	  network	  of	  ENE-­‐WSW	  trending	  interacting	  
(based	   on	   the	   shape	   of	   their	   displacement-­‐length	   profiles)	   extension	   fractures	   and	   a	  
broad	  area	  of	  surface	  flexure	  that	  parallels	  the	  fracture	  trend,	  and	  presumably,	  the	  trend	  
of	  the	  fault	  tipline	  at	  depth.	  This	  flexure	  and	  network	  of	  extension	  fractures	  accounts	  for	  
~90	   %	   of	   the	   total	   inferred	   trace	   length	   (Figure	   4.29a,	   b),	   with	   the	   remaining	   10%	  
characterised	  by	  throw	  across	  a	  subvertical,	  surface-­‐breaking	  fault	  segment	  (Figure	  4.29b,	  
c).	   This	   segment	   of	   surface-­‐breaking	   fault	   is	   located	   at	   the	   western	   tip	   of	   the	   inferred	  
trace	  of	  fault	  C,	  close	  to	  where	  it	  meets	  the	  oblique	  110°	  set	  of	  fractures	  (fault	  B).	  Here,	  
the	  ground	  surface	  is	  offset	  by	  2-­‐3	  m	  with	  no	  evidence	  for	  surface	  flexure	  (Figure	  4.30b).	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Figure	  4.29.	  	  a)	  Distribution	  of	  extension	  fractures	  that	  form	  set	  C.	  b)	  WorldView	  satellite	  view	  of	  
inset	  box	  shown,	  which	  highlights	  visible	  topographic	  features.	  c)	  Profiles	  of	  displacement-­‐length	  
for	  extension	  fractures	  of	  set	  C	  showing	  location	  and	  magnitude	  of	  fault	  throw.	  At	  the	  western	  tip	  
of	  Fault	  C	  is	  a	  surface-­‐breaking	  fault	  segment,	  coinciding	  with	  the	  widest	  fracture	  apertures	  in	  the	  
set.	  There	   is	  no	  elevation	  data	   for	   this	  area	  due	  to	  a	  gap	   in	   the	  LiDAR	  dataset	   that	   follows	  this	  
fault.	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Figure	   4.30.	   	   Characteristic	   views	   of	   the	   relay	   bounding	   faults	   in	   the	   AOI.	   (a)	   Fault	   A	   is	  
characterised	  by	  en	  echelon	  extension	  fractures	  and	  surface	  flexure	  for	  much	  of	  it’s	  5	  km	  length.	  
Small	  sections	  of	  surface	  breaking	  fault	  segments	  exist	  near	  the	  eastern	  tip.	  (b)	  The	  total	  inferred	  
trace	  of	  fault	  C	  is	  characterised	  by	  ~1	  km	  of	  laterally	  continuous	  surface	  flexure	  and	  en	  echelon	  
extension	   fractures	  with	   apertures	   <2	  m.	   The	  westernmost	   80-­‐90	  m	   features	   two	   segments	   of	  
surface	  breaking	  fault	  with	  up	  to	  2	  m	  of	  throw.	  The	  displacement	  at	  this	  tip	  drops	  to	  zero	  near	  to	  
the	  intersection	  with	  the	  fractures	  of	  fault	  B	  (see	  Figure	  4.29c).	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Eastward	  from	  the	  surface-­‐breaking	  tip	  of	  fault	  C,	  footwall	  and	  hanging	  wall	  surfaces	  are	  
offset	   across	   a	   laterally	   continuous	   surface	   flexure	   (Figure	   4.29).	   The	   distribution	   of	  
extensional	   strains	   along	   this	   structure	   may	   be	   evidence	   for	   higher	   elastic	   strains	   and	  
lateral	   inhibition	  at	  this	  tip.	  The	  ENE-­‐WSW	  fracture	  trend	  associated	  with	  fault	  C,	  curves	  
gently	  into	  the	  110°	  trend	  (set	  B),	  which	  may	  imply	  the	  continued	  propagation	  of	  this	  tip	  
into	   the	   ramp,	  eventually	  producing	  a	   through-­‐going	   fault	  with	  a	  bend	   in	   the	   trace	   that	  
trends	   110°.	  However,	   this	   is	   incompatible	  with	   the	   displacement	   deficit	   present	   in	   the	  
aperture-­‐length	  profile	  for	  fractures	  at	  the	  southern	  tip	  of	  fault	  B.	  Alternatively,	  the	  steep	  
gradient	  of	  fault	  C,	  demonstrated	  by	  a	  fault	  throw	  of	  ~2m	  that	  decreases	  to	  zero	  over	  a	  
distance	   of	   70	   m	   (Figure	   4.29c),	   may	   represent	   the	   restricted	   tip	   of	   this	   fault	   and	   a	  
separate	  fault	  is	  developing	  in	  the	  zone	  between.	  
Estimating	   the	   combined	   influence	   of	   continuous	   and	   discontinuous	   strains,	   i.e.	  
horizontal	   and	   vertical	   components,	   is	   challenging.	   The	   uneven	   terrain,	   and	   0.5	   m	  
resolution	  elevation	  data	  makes	  accurate	  measurement	  of	  the	  continuous	  component	  of	  
strain	  in	  the	  AOI	  very	  difficult.	  In	  general,	  we	  find	  the	  greatest	  flexure	  heights	  (or	  throw,	  
where	  present)	  alongside	  the	  widest	   fractures,	  and	  presumably	  the	  greatest	   fault	  slip	  at	  
depth.	  Consideration	  of	  surface	  flexure	  for	  faults	  A	  and	  B	  could	  smooth	  the	  displacement	  
deficit	   evident	   in	   the	   fracture	   apertures	   at	   the	   northern	   end	   of	   set	   B,	   but	   it	   does	   not	  
smooth	  the	  profile	  between	  sets	  B	  and	  C.	  	  
4.5 	  	  	  	  	  Discussion	  	  
Existing	  models	   of	   upward	   propagating	   fault	   growth	   in	   basaltic	   sequences	   (e.g.	   Iceland	  
and	  Hawai’i),	  which	   are	   commonly	   are	   based	  on	  2D	   analytical	   solutions	   (e.g.	  Grant	   and	  
Kattenhorn,	  2004;	  Martel	  and	  Langley,	  2006)	  use	  the	  governing	  equations	  of	  linear	  elastic	  
fracture	   mechanics	   for	   isotropic	   rocks	   under	   isotropic	   loading.	   These	   models	   treat	   the	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host	   volume	  as	  a	   linear	  elastic,	   isotropic,	   isothermal,	   semi-­‐infinite	   continuum	  and	   faults	  
are	  modelled	  as	  isolated,	  planar	  and	  frictionless	  structures	  that	  are	  infinite	  in	  their	  lateral	  
dimensions	   (e.g.	   Grant	   and	   Kattenhorn,	   2004;	   Martel	   and	   Langley,	   2006;	   Kaven	   and	  
Martel,	  2007;	  Abe	  et	  al.,	  2011).	   	  Faults	  are	  represented	  by	  a	  series	  of	  discrete	  triangular	  
elements	  and	  slip	  is	  induced	  by	  applying	  a	  shear	  stress	  to	  these	  elements.	  Analysis	  of	  the	  
displacements	   and	   resulting	   stress	   field	   surrounding	   the	   isolated	   fault	   is	   then	   used	   to	  
predict	  surface	  flexures	  and	  the	  location,	  and	  kinematics	  of	  fractures.	  Modelling	  of	  faults	  
as	  upward	  propagating	  discrete	  planes	  (with	  fixed	  dimensions)	  in	  this	  way	  have	  been	  able	  
to	  produce	  some	  of	  the	  features	  the	  above	  authors	  have	  observed	  in	  the	  field,	   including	  
footwall	  fractures	  and	  monoclinal	  flexure	  (e.g.	  Kaven	  and	  Martel,	  2007).	  	  
Scaled	  analogue	  models	  have	  also	  been	  used	  to	  reproduce	  near-­‐surface	  faulting	  in	  
basalts	  using	  hemihydrate	  powder	  with	  a	  finite	  and	  measured	  tensile	  strength	  (Holland	  et	  
al.,	  2006,	  2011).	  The	  models	  use	  a	  symmetrical	  graben	  system	  with	  a	   rigid	  central	  block	  
that	   lowers	   during	   the	   experiment	   to	   produce	   isolated,	   pre-­‐existing	   blind	   normal	   faults	  
that	   dip	   at	   ~60°	   with	   fixed	   lateral	   dimensions.	   The	   experiments	   replicate	   many	   of	   the	  
features	  observed	  in	  the	  field,	  including	  initial	  development	  of	  vertical	  extension	  fractures	  
at	  the	  surface	  and	  rotated,	  disintegrated	  hanging	  wall	  blocks.	  However,	  although	  they	  are	  
good	  approximations	  for	  the	  processes	  responsible	  for	  fault	  growth	  in	  cohesive	  sequence	  
and	  local	  stress	  distributions	  they	  cannot	  reproduce	  natural	  conditions;	  i.e.	  the	  deforming	  
material	   is	   mechanically	   homogenous,	   and	   temporally	   and/or	   spatially	   variable	   applied	  
stresses	  are	  not	  accounted	  for.	  	  	  
Based	   on	   existing	   published	   numerical	   simulations,	   analogue	   experiments	   and	  
field	  observations,	  the	  development	  of	  normal	  faults	  in	  basaltic	  sequences	  is	  expected	  to	  
follow	  a	  systematic	  growth	  path.	  However,	  such	  studies	  are	  unable	  to	  account	  for	  (1)	  the	  
effects	  of	  a	  mechanically	  anisotropic	  sequence;	  (2)	  syn-­‐tectonic,	  cyclic	  and	  heterogeneous	  
volume	   change;	   or	   (3)	   local	   interaction-­‐induced	   inelastic	   deformation.	   High	   resolution,	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and	  extensive	  field	  mapping	  in	  the	  Koa’e	  fault	  system	  suggests	  that	  these	  models	  predict	  
certain	  geometries,	  but	  do	  not	  reproduce	  the	  same	  natural	  variability	  visible	  in	  the	  field.	  	  
4.5.1 Segmentation	  and	  Interaction	  in	  the	  Koa’e	  Fault	  System	  
Extension	   fractures	   in	   the	   Koa’e	   fault	   system	   may	   be	   separated	   into	   three	   types:	   (1)	  
isolated,	  non-­‐interacting;	   (2)	   interacting,	   segmented	   (apertures	  <	  1.5	  m);	  and	   (3)	   linked,	  
composite	  fractures	  with	  apertures	  >	  1.5	  m.	  There	  are	  few	  instances	  of	  (1)	  isolated,	  single	  
fractures;	   mapped	   fractures	   fall	   principally	   into	   the	   second	   category	   (>60%)	   and	  
demonstrate	   asymmetric	   aperture	   profiles	   with	   high	   displacement	   gradients	   at	   their	  
lateral	   tips,	   consistent	   with	   previous	   interpretations	   of	   high	   elastic	   strains,	   restricted	  
propagation,	  and	  displacement	  transfer	  for	  normal	  faults	  (e.g.	  Childs	  et	  al.,	  1995;	  Huggins	  
et	  al.,	  1995;	  Gupta	  et	  al.,	  1998;	  Gupta	  and	  Scholz,	  2000;	  Hus	  et	  al.,	  2006).	  Based	  on	  the	  
analysis	   of	   the	   distribution,	   geometry	   and	   displacement	   characteristics	   of	   extension	  
fractures,	   surface	   flexures	   and	   normal	   fault	   segments	   in	   the	   study	   area,	   strain	   is	  
interpreted	   to	   be	   transferred	   between	   faults	   A	   and	   C	   and	   the	   zone	   between	   them	   is	  
therefore	   interpreted	   to	   be	   a	   relay	   zone.	   For	   geometrically	   and	   kinematically	   coherent	  
fault	  arrays,	  continuous	   (ductile)	  and	  discontinuous	   (brittle)	  components	  of	   fault-­‐related	  
deformation	  are	  expected	   to	   show	  systematic	  geometries	  and	  strain	  accumulation	   from	  
their	  initiation,	  which	  should	  be	  reflected	  in	  a	  symmetrical	  aggregate	  displacement	  profile	  
throughout	   their	   evolution	   (e.g.	  Walsh	   et	   al.,	   2003,	   Long	   and	   Imber,	   2010).	   Continuous	  
rotation	  in	  the	  zone	  between	  sets	  A	  and	  C	  is	  broad	  (up	  to	  6-­‐7	  m	  across	  an	  area	  40-­‐90	  m	  
wide)	   but	   does	   bridge	   the	   topography	   between	   the	   two	   bounding	   fault	   structures	   (see	  
Figure	  4.12	  and	  section	  4.4.2).	  Aperture-­‐length	  profiles	  for	  the	  linking	  set	  of	  fractures	  (set	  
B)	  show	  pronounced	  displacement	  deficits	  at	  their	  tips	  and	  maximum	  apertures	  are	  found	  
on	  the	  northern	  bounding	  fault,	  not	  in	  the	  centre	  of	  the	  array.	  This	  may	  suggest	  that	  faults	  
A	  and	  C	  grew	  in	  isolation	  and	  an	  evolving	  link	  is	  developing	  as	  a	  result	  of	  their	  interaction.	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In	  addition	  to	  describing	  segmentation	  and	  linkage	  at	  multiple	  scales,	  this	  chapter	  
also	  identifies	  a	  hitherto	  unnoticed	  spatial	  distribution	  of	  extensional	  strains	  in	  the	  Koa’e	  
fault	  system.	  Extension	  in	  the	  eastern	  portion	  of	  the	  study	  area	   is	  expressed	  dominantly	  
as	   surface-­‐breaking	   normal	   faults	  with	   throws	   of	   5-­‐10	  m,	  whereas	   the	  western	   portion	  
features	  networks	  of	  interacting	  extension	  fractures	  and	  surface	  flexures	  with	  amplitudes	  
of	   up	   to	   ~10	   m.	   The	   pattern	   of	   deformation	   implies	   that	   total	   strains	   are	   comparable	  
across	   the	   fault	   system,	   but	   strain	   rates	  may	   vary:	   high	   rates	   in	   the	   east	   facilitate	   fault	  
segment	   linkage,	  and	   lower	   rates	   in	   the	  west	  prevent	   through-­‐going	   fault	  development.	  
Instead,	  segments	  slip	  slowly	  at	  depth	  and	  irregular	  lava	  lobes	  slide	  and	  fold	  rather	  than	  
fracture	  ahead	  of	  the	  tip	  line.	  	  
	  
4.5.1.1 Evidence	  for	  Segmentation	  and	  Interaction:	  Path	  Geometry	  
Evidence	   for	   extension	   fracture	   and	   fault	   segment	   interaction	   is	   observed	   at	   a	   range	  of	  
scales	  based	  on:	  (1)	  the	  geometry	  of	  observed	  fracture	  and	  fault	  traces,	  at	  their	  individual	  
length	   scale;	   (2)	   the	   shape	   of	   aperture-­‐length	   profiles	   and;	   (3)	   the	   magnitude	   of	  
displacement	  asymmetry	  in	  aperture-­‐length	  profiles.	  
	  
It	   has	   been	   shown	   that	   an	   isolated	   tensile	   crack	   will	   propagate	   in	   the	   direction	  
perpendicular	  to	  the	  orientation	  of	  minimum	  compressive	  stress.	  However,	  at	  the	  tips	  of	  
overlapping	   fractures,	  mechanical	   interaction	  of	   their	  opposing	  stress	   fields	   leads	   to:	   (1)	  
locally	   increased	   stress	   intensity	   factors,	  which	  promotes	   local	   cracking	  by	   lowering	   the	  
required	   crack	   extension	   force	   for	   propagation;	   and	   (2)	   the	   local	   reorientation	   of	   the	  
minimum	   compressive	   stress	   (Pollard	   et	   al.,	   1982;	   Olson	   and	   Pollard,	   1989;	   Engelder,	  
1993).	   Fracture	   tips	   follow	   these	  modified	   trajectories,	   controlled	  by	   the	  distribution	  of	  
tensile	  stress,	  producing	  the	  characteristic	  hook-­‐shaped	  fracture	  pathway	  (Gudmundsson	  
et	  al.,	  1993;	  Acocella	  et	  al.,	  2000).	  	  Examination	  of	  the	  geometry	  of	  propagation	  pathways	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can	   therefore	   provide	   a	   first	   order	   interpretation	   of	   the	   in	   situ	   stress	   responsible	   for	  
extension	  fracture	  development	  and	  of	  their	  relative	  timings.	  
	  
	  
Figure	  4.31.	  	  Theoretical	  fracture	  propagation	  pathways	  (adapted	  from	  Engelder,	  1993	  and	  based	  
on	  Olson	  and	  Pollard,	  1989).	  The	  amount	  of	  curvature	  is	  thought	  to	  be	  controlled	  by	  the	  remote	  
differential	  stress	  magnitude	  and	  the	  surface	  roughness:	  a)	  crack-­‐parallel	  remote	  stress	  (σy)	  is	  less	  
than	  the	  crack-­‐normal	  remote	  stress	  (σx).	  b)	  Crack-­‐parallel	  and	  crack-­‐normal	  remote	  stresses	  are	  
equal.	   c)	   Crack-­‐parallel	   remote	   stress	   is	   greater	   than	   the	   crack-­‐normal	   remote	   stress.	   d)	   Crack-­‐
parallel	  remote	  stress	  is	  much	  greater	  than	  the	  crack-­‐normal	  remote	  stress.	  
Curving	   paths	   may	   suggest	   the	   predominance	   of	   local,	   interaction-­‐induced	   stress	  
concentrations	   over	   remote	   stresses	   during	   propagation,	   whereas	   straight	   pathways	  
suggest	   that	   remote	   stresses	   exert	   a	   greater	   control	   (Pollard	   et	   al.,	   1982;	   Olson	   and	  
Pollard,	   1989;	   Thomas	   and	   Pollard,	   1993;	   Engelder,	   1993;	   Figure	   4.31).	   Fractures	   in	   the	  
Koa’e	   fault	   system	   display	   a	   range	   of	   crack	   pathways,	   reflecting	   a	   complex	   relationship	  
between	  remotely	  applied	  stress	  and	  the	  local	  stress	  distributions	  surrounding	  the	  tips	  of	  
en	  echelon	  fractures	  (Figure	  4.32).	  
	  
Figure	  4.32.	  	  Example	  of	  fracture	  pathways	  from	  the	  Koa’e	  fault	  system.	  a)	  Mutually	  divergent,	  or	  
possible	   future	   hook-­‐shape.	   b)	   Mutually	   convergent	   where	   the	   convergence	   angle	   is	   variable	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fracture	   to	   fracture.	   c)	   Convergence	   of	   one	   fracture	   with	   an	   existing	   fracture.	   d)	   Straight,	  
overlapping	  reflecting	  the	  dominance	  of	  regional	  stress	  over	  local.	  	  
In	   the	   Koa’e	   fault	   system	   there	   are	   few	   examples	   of	   the	   classic	   hook-­‐shaped	   fracture	  
pathway,	   with	   crack-­‐crack	   interactions	   resulting	   in	   fractures	   that	   exhibit	   dominantly	  
straight	   (~60%)	   or	   convergent	   (~30%)	   fracture	   pathways.	   These	   path	   geometries	   are	  
investigated	  at	  the	  length	  scale	  of	  individual	  extension	  fractures	  to	  observe	  the	  preferred	  
propagation	   path	   of	   the	   entire	   extension	   fracture,	   rather	   than	   joint-­‐scale	   irregularities.	  
Convergence	   curvature	   on	   fractures	   in	   the	   Koa’e	   fault	   system	   is	   relatively	   broad,	   and	  
commonly	   only	   on	   one	   fracture	   within	   a	   pair,	   implying	   separate	   stages	   of	   fracture	  
propagation.	   Mutually	   convergent	   and	   divergent	   fracture	   pathways	   are	   interpreted	   to	  
represent	   contemporaneous	   fracture	   growth	   (Figure	   4.30a,	   b).	   Fractures	   demonstrating	  
straight	   path	   geometries	   are	   interpreted	   to	   represent	   early-­‐forming	   fractures	   that	   have	  
propagated	   in	   isolation.	   Their	   presence	   will	   perturb	   the	   local	   stress	   field	   when	   new	  
fractures	  initiate.	  These	  younger	  fractures	  curve	  towards	  the	  existing	  fracture	  during	  their	  
propagation	   (Figure	   4.32c),	   eventually	   abutting	   with	   the	   earlier	   fracture	   and	   forming	   a	  
composite	   fracture	   with	   a	   bend	   along	   the	   trace.	   Adjacent	   fractures	   exhibiting	   straight	  
pathways	  may	  imply	  that	  local	  stress	  intensity	  factors	  were	  not	  great	  enough	  to	  overcome	  
the	   remote	   stress	   field	   (Figure	   4.32d).	   En	   echelon	   fractures	   demonstrate	   propagation	  
along	   modified	   trajectories	   that	   are	   oriented	   obliquely	   to	   the	   regional	   extension;	  
kinematics	   of	   these	   fractures	   are	   consistently	   open-­‐mode,	   regardless	   of	   the	   degree	   of	  
obliquity.	   The	   range	   of	   fracture	   pathways,	   developing	   contemporaneously,	   under	   the	  
same	  remote	  stress	   regime	  demonstrates	   the	  heterogeneity	  of	   stress	   fields	   surrounding	  
the	  tips	  of	  en	  echelon	  fractures.	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4.5.1.2 Evidence	  for	  Segmentation	  and	  Interaction:	  D-­‐L	  Profiles	  
D-­‐L	  profiles	   for	  composite,	  aggregate	  extension	   fractures	   show	  the	  greatest	   lengths	  and	  
apertures	   in	   the	   Koa’e	   fault	   system.	   Examples	   of	   kinematically	   coherent	   fractures	   are	  
expected	   to	   show	   symmetric	   displacement	   profiles	   throughout	   their	   evolution,	   with	   a	  
displacement	  profile	  that	  resembles	  that	  of	  an	  isolated	  fault,	  despite	  comprising	  multiple	  
linked	  segments	  (e.g.	  Gupta	  and	  Scholz,	  2000;	  Walsh	  et	  al.,	  2003).	  The	  profiles	  presented	  
in	   this	   chapter	   for	   both	   individual	   fractures	   and	   arrays	   of	   fractures	   do	   not	   exhibit	   this	  
relationship.	  Instead	  displacement	  profiles	  show	  multiple	  points	  of	  displacement	  minima,	  
which	  represent	  former	  linkage	  sites	  of	  previously	  en	  echelon	  or	  co-­‐linear	  single	  fractures,	  
and	   the	   displacement	   maxima	   is	   commonly	   off-­‐centre	   (Figure	   4.33).	   Results	   from	   this	  
study	  indicate	  that	  fractures	  initiate	  as	  isolated,	  segmented	  structures	  that	  interact	  when	  
they	   approach	  one	   another,	   growing	  progressively	   through	   segment	   linkage	   to	   produce	  
composite	  fractures	  (e.g.	  Peacock	  and	  Sanderson,	  1991;	  Gupta	  and	  Scholz,	  2000).	  
	  
	  
Figure	   4.33.	   	   An	   example	   of	   a	   ~150	   m	   long	   extension	   fracture	   showing	   multiple	   points	   of	  
displacement	  minima	   and	  maxima.	   The	   purple	   line	   represents	   the	   composite,	  mapped	   fracture	  
trace	  with	  aperture	  minima	  highlighted	  by	  red	  stars.	  The	  black	  dotted	  lines	  represent	  the	  locations	  
of	  inferred	  former	  single	  fractures	  that	  interacted	  and	  linked	  to	  form	  the	  composite	  trace.	  	  
Extension	   fractures	   that	   show	   symmetrical	   D-­‐L	   profiles	   are	   interpreted	   as	   the	   earliest	  
forming	   fully	   coalesced	   fractures	   in	   the	   fault	   system	   with	   later	   fractures	   showing	  
	   	   Chapter	  4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  157	  	  	  
asymmetry	   polarities	   that	   are	   influenced	   by	   the	   earlier	   generation	   (e.g.	   Figure	   4.34a).	  
Similar	  degrees	  of	  asymmetry	  on	  adjacent	  fractures	  may	  indicate	  that	  propagation	  of	  both	  
tips	   is	   mutually	   inhibited	   and	   that	   the	   stress	   fields	   surrounding	   them	   are	   of	   equal	  
magnitude.	  Centrally	  located	  displacement	  maxima	  and	  straight	  pathways	  on	  one	  fracture	  
and	   asymmetrical	   displacement	   on	   a	   second,	   curved	   structure	   is	   interpreted	   as	  
unencumbered	   growth	   of	   one	   fracture,	   followed	   by	   later	   impingement	   of	   the	   second	  
fracture.	  However,	   on	   the	  whole,	   asymmetry	   values	   for	   en	   echelon	   fractures	   are	   highly	  
variable,	   regardless	   of	   fracture	   size	   and	   stress	   distribution	   (interpreted	   based	   on	   the	  
relative	   steepness	   of	   displacement	   gradients)	   does	   not	   appear	   to	   scale	   with	   fracture	  
length;	   a	   shorter	   fracture	   can	   exert	   a	   greater	   inhibiting	   influence,	   resulting	   in	   a	   higher	  
displacement	   gradient,	   on	   a	   longer	   fracture	   than	   vice	   versa	   (e.g.	   blue	   fracture,	   Figure	  
4.34b).	  The	  cause	  of	  this	  range	  of	  fracture	  tip	  displacements	  is	  difficult	  to	  isolate	  and	  may	  
be	  symptomatic	  of	  a	  highly	  anisotropic	  deforming	  volume.	  
	  
Figure	  4.34.	  	  Examples	  of	  displacement	  asymmetry	  on	  individual	  fractures:	  a)	  Blue	  fracture	  shows	  
a	   nearly	   symmetrical	   profile	   whereas	   the	   red	   fracture	   shows	   a	   relatively	   steep	   displacement	  
gradient,	   suggesting	   the	  blue	   fracture	   formed	  earlier	   in	   isolation	  and	  perturbs	   local	   stresses	   as	  
the	  red	  fracture	  nucleated.	  b)	  The	  blue	  fracture	  shows	  a	  nearly	  symmetrical	  profile	  whereas	  the	  
other	   two	   show	   steep	   displacement	   gradients,	   in	   the	   direction	   of	   the	   blue	   fractures.	   The	   blue	  
fracture	  may	  have	  formed	  first,	  followed	  by	  the	  red	  and	  purple	  fractures.	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When	  linear	  elastic	  and	  isotropic	  conditions	  are	  no	  longer	  assumed,	  displacement	  analysis	  
of	  extension	  fractures	  and	  normal	  faults	  is	  challenging.	  For	  instance,	  displacement	  profile	  
symmetry	  does	  not	  necessarily	   imply	  isolation	  or	  non-­‐interaction.	  Restricted	  growth	  of	  a	  
fracture	   at	   both	   lateral	   tips	   could	   produce	   a	   symmetrical	   profile	   despite	   actively	  
interacting	   with	   adjacent	   structures.	   Meanwhile,	   seemingly	   isolated	   fractures	   that	  
demonstrate	   asymmetrical	   displacement	   profiles	   may	   be	   indicative	   of	   interaction	   with	  
subsurface	   fractures	   or	   with	   local	   joints,	   which	   result	   in	   stress	   perturbations	   in	   the	  
idealised	  isotropic	  medium.	  
Evidence	  for	  varying	  degrees	  of	  tip	  restriction,	  and	  a	  poor	  correlation	  with	  fracture	  
length,	  suggests	  highly	  heterogeneous	  stress	  distributions	  exist	  at	  the	  tips	  of	  fractures	  and	  
imply	   that	   en	   echelon	   fractures	   do	   not	   develop	   in	   a	   perfectly	   isotropic,	   homogenous	  
volume.	  However,	  three	  key	  observations	  may	  be	  summarised	  at	  this	  stage:	  (1)	  extension	  
fractures	   appear	   to	   reactivate	   pre-­‐existing	   joints	   at	   the	   free	   surface,	   but	   not	   all	   joint	  
orientations	   show	   evidence	   for	   reactivation;	   (2)	   extension	   fractures	   show	   organised	  
distributions	  in	  narrow	  zones	  that	  parallel	  the	  trend	  of	  the	  ERZ	  and	  exposed	  normal	  faults;	  
and	   (3)	   at	   the	   cm-­‐scale	   up	   to	   the	   km-­‐scale,	   extension	   fractures	   and	   faults	   do	   not	   form	  
isolated,	   single	   structures	   throughout	   their	  evolution	  but	   show	  evidence	   for	   interaction,	  
local	  stress	  rotation	  and	  linkage.	  Therefore,	  the	  initial	  growth	  and	  segmentation	  of	  brittle	  
structures	  will	  be	  controlled	  by	  the	  mechanical	  anisotropy	  of	  the	  deforming	  sequence:	  i.e.	  
the	   pre-­‐existing	   joint	   fabric	   and	   shear	   strength	   of	   joints	   at	   depth,	   and	   the	   mechanical	  
stratigraphy	  of	  the	  intact	  lava	  sequence.	  
4.5.2. Mechanical	  Layering	  
It	   has	   been	   demonstrated	   in	   Chapter	   3	   that	   basaltic	   lavas	   are	   not	   mechanically	  
homogenous	   and	   isotropic	   materials	   and	   cannot	   therefore,	   be	   modelled	   as	   such.	   In	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addition	   to	   pre-­‐existing	   joint	   fabrics,	   naturally	   varying	   physical	   attributes	   induce	   a	  
distinctive	  mechanical	  stratigraphy	  and	  directional	  strength	  anisotropy.	  	  
	  
4.5.2.1. Pre-­‐existing	  Cooling	  Joints	  
Faults	   in	   the	   Koa’e	   fault	   system	   are	   predicted	   to	   exploit	   pre-­‐existing,	   suitably	   oriented	  
cooling	   joints	   in	   the	   lava	  pile.	  At	   shallow	  depths	   (i.e.	   low	  mean	   stress)	  where	   joints	   are	  
near	   vertical,	   and	   therefore	   orthogonal	   to	   the	   axis	   of	   minimum	   compressive	   stress,	  
extensional	  opening	  is	  predicted	  while	  the	  differential	  stress	  is	  <4To	  (when	  To	  is	  the	  tensile	  
strength	  of	  the	  lava	  (Figure	  4.35aiii).	  At	  greater	  depths	  (i.e.	   increasing	  differential	  stress)	  
where	   σ1-­‐	   σ3	   >	   4To,	   and	   joints	   are	   typically	   tilted	   away	   from	   horizontal,	   shear	   failure	   is	  
predicted	   to	   take	   place	   (Figure	   4.35aiv,	   Figure	   4.36a).	   This	   may	   occur	   through	   the	  
downward	   propagation	   of	   surface	   extension	   fracturing,	   with	   compressional	   shear	  
occurring	  when	  (e.g.	  Gudmundsson	  and	  Backstrom,	  1991):	  	  
𝜎! =   ρgz	  
Where	  p	  is	  the	  average	  host	  rock	  density	  
g	  is	  the	  acceleration	  due	  to	  gravity	  
z	  is	  the	  fracture	  depth	  
	  
	  The	  maximum	  depth	  of	  tensile	  fracturing	   is	  predicted	  to	  be	  approximately	  800	  m	  depth	  
using	  a	  density	  of	  2300	  kg	  m-­‐3	  (Gudmundsson	  and	  Backstrom,	  1991;	  Gudmundsson,	  2011).	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Figure	  4.35.	  	  During	  the	  theoretical	  reactivation	  of	  an	  optimally	  oriented	  existing	  discontinuity,	  the	  
shear	  stress	  (τ)	  required	  to	  initiate	  shear	  failure	  is	  equal	  to	  the	  normal	  stress	  confining	  the	  surfaces	  
(σN)	  times	  the	  co-­‐efficient	  of	  friction	  for	  that	  material	  (ai	  ,ii).	  Existing	  models	  for	  the	  exploitation	  of	  
joints	   in	   a	   lava	   pile	   (e.g.	   Gudmundsson	   and	   Backstrom,	   1991;	   Gudmundsson,	   1992)	   predict	  
extensional	  opening	  of	  vertical	  joints	  near	  the	  surface	  (aiii)	  and	  extensional	  shear	  on	  inclined	  joints	  
at	  depth	  (aiv:	   from	  Gudmundsson,	  1992.	  b)	  An	  exposed	  fault	  scarp	  along	  the	  Kulanaokuaiki	   fault	  
shows	   the	   varying	   thickness	   and	   lobate	   unit	   morphologies,	   which	   are	   comprised	   of	   scalable	  
portions	  of	   lava	  top	  component	  (T);	   lava	  core	  component	  (C);	  and	   lava	  base	  component	  (B).	  See	  
Chapter	  3	  for	  more	  detail.	  
Below	  this	  depth,	  two	  components	  of	  shear	  strength	  define	  the	  conditions	  under	  which	  a	  
discontinuity	  will	   fail	   in	   shear	   (e.g.	   Sibson,	   1998):	   (1)	   strength	   of	   chemical	   and	   physical	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bonds	   and,	   (2)	   the	   effective	   frictional	   strength	   (for	   a	   dry	   system)	   associated	   with	   the	  
micro-­‐	  or	  macroscopic	  interaction	  of	  asperity	  interfaces	  that	  make	  up	  the	  area	  of	  contact	  
(Hencher,	  1995).	  Alternatively,	  normal	  faults	  may	  develop	  from	  inclined	  cooling	   joints	  at	  
depth.	   Assuming	   that	   lava	   is	   extruded	   across	   a	   subhorizontal	   surface,	   the	   cooling	   joint	  
fabric	  can	  become	  tilted	  from	  vertical	  with	  increasing	  loading	  due	  to	  burial	  or	  horizontal	  
axis	   rotation	   with	   progressive	   slip	   of	   major	   normal	   faults;	   such	   morphology	   has	   been	  
observed	   in	   regions	   of	   Iceland	  where	   older	   sequences	   are	   exposed	   (e.g.	   Gudmundsson	  
and	   Backstrom,	   1991).	   When	   joint	   surfaces	   become	   non-­‐parallel	   to	   the	   maximum	  
principal	   stress	   (Figure	   4.35aiv),	   they	   are	   subject	   to	   shear	   stresses	   and	   normal	   faults	  
initiate	  (e.g.	  Gudmunsson,	  2011).	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Figure	  4.36.	  	  (a)	  In	  numerical-­‐based	  models,	  joints	  are	  idealised	  as	  inclined	  planar	  discontinuities.	  
b)	   Natural	   joints	   however	   show	   variable	   scales	   and	   orientations	   (inclined,	   sub-­‐vertical	   and	  
subhorizontal	  planes)	  and	  surfaces	   tend	  to	  be	  weathered,	  which	  produces	  highly	   irregular	   joint	  
patterns.	  c)	  At	  depth,	  joint	  surfaces	  are	  in	  contact	  and	  the	  intact	  strength	  of	  asperities	  becomes	  
important.	   Where	   joint	   planes	   are	   irregular	   and	   non-­‐vertical	   (ci)	   shearing	   resistance	   is	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correspondingly	  high	  and	   fracture	  damage	  can	  develop	  where	   the	   intact	   rock	  strength	   is	   lower	  
(cii).	   New	   through-­‐going	   shear	   fractures	   may	   develop	   in	   weaker	   lava	   components	   to	   produce	  
linked	  structures	  (ciii).	  	  
	  
Growth	   of	   normal	   faults	   through	   the	   reactivation	   of	   pre-­‐existing	   cooling	   joints	   is	  
problematic.	  Assuming	  that	  joints	  remain	  open	  and	  are	  not	  sealed	  by	  mineralising	  fluids,	  
the	  variable	   shape	  and	  size	  of	   lava	   lobes,	  and	   thus	   the	  variable	   scale	  of	  both	  horizontal	  
and	  vertical	  joints	  within	  them	  (Figures	  4.35b	  and	  4.36b,	  c)	  mean	  that	  no	  planar,	  in-­‐plane	  
discontinuity	  exists.	  The	  propagation	  of	  a	  through-­‐going	  plane	  therefore	  requires	  tensile	  
failure	   of	   the	   intact	   rock	   to	   connect	   offset	   joint	   segments	   (e.g.	   Gudmundsson	   and	  
Backstrom,	   1991).	   Thus,	   the	   formation	   of	   a	   normal	   fault	   is	   strongly	   influenced	   by	   the	  
strength	   of	   the	   intact	   lava.	   Furthermore,	   to	   drive	   repeated	   slip	   on	   an	   incipient	   normal	  
fault,	   normal	   and	   shear	   stresses	   acting	   on	   the	   plane	   must	   satisfy	   the	   Mohr	   Coulomb	  
failure	  criterion	  (Figure	  4.35ai,	   ii).	  At	  depths	  where	  σ1-­‐	  σ3	  >	  4To	  (>~800	  m	  depth),	  cooling	  
joint	   surfaces	   are	   in	   contact	   and	   the	   shear	   strength	   of	   the	   fault	   is	   governed	   by	   the	  
shearing	   resistance,	   or	   co-­‐efficient	   of	   friction	  of	   intact	   asperities	   in	   contact	   on	   the	   joint	  
planes	   (e.g.	   Savage	   et	   al.,	   1996).	   The	   shear	   stress	   required	   to	   induce	   repeated	   slip	   on	  
natural	   cooling	   joints	   is	   therefore	   a	   function	   of	   the	   surface	   roughness	   and	   the	   induced	  
friction,	  which	  produce	  heterogeneous	  increases	  in	  normal	  and	  shear	  stress	  for	  horizontal	  
or	  inclined	  joint	  surfaces	  that	  must	  be	  overcome	  for	  through-­‐going	  failure	  (e.g.	  Dieterich,	  
1978;	   Sibson,	   1985;	   Scholz,	   1998;	  Barton,	   2013;	  Walker	  et	   al.,	   2013.	   Figure	  4.36b).	  As	   a	  
result,	   local	   sites	   of	   stress	   concentration	   may	   occur	   throughout	   the	   lava	   pile	   where	  
shearing	   resistance	   is	   high,	   producing	   a	   segmented	   sequence	   of	   fractures.	   Regions	   of	  
fracture	   damage	   will	   develop	   to	   accommodate	   extensional	   strains	   (Figure	   4.36ci-­‐iii).	   In	  
lower	   compressive	   strength	   lava	   components	   (base,	   top)	   overcoming	   the	   intact	   rock	  
strength	  will	  require	  lower	  shear	  stresses	  and	  faults	  may	  propagate	  through	  failure	  of	  the	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intact	   host	   rock,	   rather	   than	   by	   joint	   reactivation	   (Figure	   4.36ciii).	   In	   locations	   (e.g.	  
proximally	  to	  the	  ERZ)	  where	  magmatic	  pressures	  are	  high,	   joint	  surfaces	  may	  be	  forced	  
apart	   as	   they	   are	   intruded	   and	   asperity-­‐induced	   effective	   shear	   strength	   will	   be	   less	  
critical.	  
The	  style	  and	  distribution	  of	  deformation	   in	  the	  Koa’e	   fault	  system	  show	  that	   the	  
deforming	  host	  volume	  is	  highly	  heterogeneous	  and	  anisotropic.	  The	  a	  priori	  assumption	  
that	   is	  made	   in	  existing	  models	  of	   fault	  growth	   in	  basaltic	   sequences	   that	   the	  volume	   is	  
mechanically	   homogenous	   and	   isotropic	   is	   therefore	   invalid.	   Mechanical	   anisotropy	  
related	   to	   the	   variable	   intact	   strength	   of	   lavas	   and	   networks	   of	   irregular	   and	  
discontinuous	  cooling	  joints,	  exert	  a	  strong	  influence	  on	  fracture	  and	  normal	  fault	  growth	  
and	  segmentation	  across	  a	  range	  of	  scales.	  In	  addition	  to	  a	  mechanically	  anisotropic	  host,	  
the	  assumption	  of	  homogenous	  and	  isotropic	  stress	  is	  also	  questioned	  here.	  
	  
4.5.2.2. Magmatic	  Influence	  
The	  distribution	  of	  strain	  in	  the	  Koa’e	  fault	  system	  highlights	  a	  distinctive	  east-­‐west	  strain	  
gradient:	  large	  through-­‐going,	  surface-­‐breaking	  faults	  and	  rotated,	  disintegrated	  blocks	  in	  
the	  east,	  and	  extensive	  zones	  of	  en	  echelon	  extension	  fractures	  and	  flexure	  of	  the	  surface	  
above	   segmented	   faults	   at	   depth	   in	   the	   west	   (Figure	   4.37).	   This	   may	   be	   evidence	   for	  
higher	  strain	  rates	   in	  the	  eastern	  portion	  of	  the	  Koa’e	  than	  the	  west.	  The	  inferred	  strain	  
rate	  gradient	  also	  coincides	  with	  a	  decrease	   in	  magmatic	  activity	   from	  the	  east	   to	  west.	  
Calculations	  of	  magma	  supply	  into	  Kilauea’s	  rift	  system	  from	  1956-­‐1983	  suggest	  that	  35%	  
of	  the	  net	  magma	  supply	  was	  erupted	  during	  this	  interval	  and	  the	  remaining	  65%	  is	  stored	  
within	  the	  ERZ	  (55%)	  and	  SWRZ	  (10%)	  (Dzurisin	  et	  al.,	  1984).	  Tilt	   records	  from	  the	  same	  
period	  also	  demonstrate	  that	  the	  ERZ	  may	  be	  acting	  as	  a	  repository	  and	  supplying	  magma	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to	   the	   summit	   (Dzurisin	   et	   al.,	   1984).	   Between	   1840-­‐1950,	   eight	   eruptions	   have	   been	  
recorded	  in	  the	  ERZ,	  and	  more	  than	  20	  since	  1950.	  
	  
Figure	   4.37.	   	  Map	   of	   the	   distribution	   of	   earthquakes	  with	  magnitudes	   of	   2.0-­‐7.5	   covering	   the	  
period	  1973-­‐2014.	  Surface-­‐breaching	  fault	  segments	  of	  the	  Koa’e	  fault	  system	  are	  shown	  as	  solid	  
red	   lines	   and	   regions	   of	   surface	   flexure	   as	   dotted	   red	   lines.	   Fault	   scarps	   are	   found	   in	   central-­‐
eastern	  and	  eastern	  portions	  of	  the	  fault	  system	  where	  we	  find	  the	  greatest	  amount	  of	  seismic	  
activity.	  (Earthquake	  data	  from	  the	  USGS	  Earthquake	  Archives).	  
In	   contrast,	   only	   two	   eruptions	   are	   recorded	   for	   the	   SWRZ	   since	   1956	   (Dzurisin	   et	   al.,	  
1984;	   Dvorak	   and	   Dzurisin,	   1993).	   This	   implies	   that	   magma	   is	   periodically	   held	   in	   the	  
SWRZ,	  but	  less	  extensively	  than	  in	  the	  ERZ.	  The	  result	  is	  locally	  higher	  compressive	  stress	  
associated	  with	  the	  storage	  and	  emplacement	  of	  magma,	  as	  dikes,	  in	  the	  ERZ.	  A	  magma-­‐
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driven	  strain	  rate	  gradient	  should	  therefore	  show	  a	  progressive	  change	  from	  fully	   linked	  
surface	  faulting	  in	  the	  east	  to	  segmented,	  blind	  faulting	  in	  the	  west.	  This	  may	  be	  seen	  at	  
the	   scale	   of	   the	   whole	   fault	   system,	   which	   is	   wider	   at	   the	   eastern	   end	   than	   the	   west,	  
increasing	  from	  ~	  1	  km	  near	  the	  SWRZ	  to	  ~3.5	  km	  at	  the	  upper	  ERZ.	  It	  is	  also	  evident	  in	  the	  
AOI	  within	  the	  centre	  of	  the	  Koa’e	  fault	  system,	  which	  marks	  a	  transition	  from	  dominantly	  
surface-­‐breaching	  faults	  in	  the	  east	  to	  laterally	  continuous	  traces	  of	  un-­‐breached	  surface	  
flexure	  in	  the	  west.	  	  
	  
4.5.3. Lateral	  fault	  propagation	  
The	  distribution,	  geometry	  and	  kinematics	  of	  brittle	  structures	  (Figures	  4.38a	  and	  4.38b)	  
at	  the	  scale	  of	  individual	  fractures	  (centimetre	  to	  tens	  of	  metre	  long)	  and	  at	  the	  fault	  scale	  
(hundreds	   of	   metres	   to	   kilometres	   long)	   show	   similarities	   with	   predicted	   geometries	  
based	   on	   analogue	   models	   (Figure	   4.38ci,	   cii)	   and	   analytical	   solutions	   of	   en	   echelon	  
structures	   (e.g.	  Martel	   and	   Langley,	   2006;	   Kaven	  and	  Martel,	   2007).	   Structural	  mapping	  
has	   revealed	   two	  dominant	   fault	  and	   fracture	  sets	   (Figure	  4.38a):	   (1)	  a	  set	  of	  ENE-­‐WSW	  
trending	   extension	   fractures	   and	   normal	   faults,	   that	   parallel	   the	   trend	   of	   the	   ERZ	   and	  
accommodate	  a	  NNW-­‐SSE	  extension	  direction	   (Figure	  4.38a,	  bi,	  biii);	   and	   (2)	   an	  oblique	  
set	  of	  NW-­‐SE	  trending	  extension	  fractures	  that	  are	  associated	  with	  the	  tip	  regions	  of	  en	  
echelon	  rift-­‐parallel	  fault	  sets	  (Figure	  4.38a,	  bii).	  There	  are	  no	  observed	  instances	  of	  rift-­‐
normal	   strike-­‐slip	   faults	   within	   the	   AOI;	   both	   sets	   accommodate	   a	   unique	   extension	  
direction	   that	   may	   indicate	   a	   local	   counter-­‐clockwise	   reorientation	   of	   the	   regional	  
extension	   direction	   (Figure	   4.38biv).	   Obliquely	   oriented	   fractures	   have	   only	   been	  
identified	   in	   the	   areas	   surrounding	   en	   echelon	   rift-­‐parallel	   faults,	   or	   the	   regions	  where	  
previously	   en	   echelon	   faults	   have	   coalesced,	   leaving	   an	   obliquely	   oriented	   step	   in	   the	  
trace.	  On	  the	  basis	  that	  oblique	  orientations	  are	  associated	  with	  relay	  zones	  between	  en	  
	   	   Chapter	  4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  167	  	  	  
echelon	   rift	   faults,	   it	   is	   inferred	   that	   stress	   field	   interaction	   controls	   the	   formation	   of	  
obliquely	  oriented	  fracture	  sets	  and	  the	  following	  lateral	  propagation	  history	  is	  proposed:	  
	  
Stage	   1:	   ENE-­‐WSW	   trending,	   rift-­‐parallel	   blind	   normal	   faults	   A	   and	   C	   (Figure	   4.36di)	  
nucleate	  and	  propagate	  towards	  each	  other.	  Except	  for	  some	  isolated	  areas,	  we	  see	  the	  
formation	  and	  growth	  of	  ENE-­‐WSW	  trending	  extension	  fractures	  and	  surface	  flexure	  that	  
accommodate	  a	  NNW-­‐SSE	  extension	  direction	  (Figure	  4.36bi).	  	  
	  
Stage	  2:	  Continued	  lateral	  propagation	  of	  faults	  A	  and	  C,	  and	  mechanical	  interference	  of	  
their	  opposing	  stress	  fields	  result	  in	  locally	  high	  elastic	  strains	  in	  the	  overlap	  (relay)	  zone	  
between	   them	   (Figure	   4.38dii).	   At	   the	   western	   tip	   of	   fault	   C	   is	   a	   segment	   of	   surface-­‐
breaking	  fault	  where	  throw	  decreases	  from	  5	  m	  to	  zero	  over	  a	  distance	  of	  ~70	  m	  (Figure	  
4.29b,	   Figure	   4.30b);	   this	   indicates	   either	   that	   the	   fault	   has	   propagated	   into	   a	   softer	  
sediment,	   or	   that	   strains	   are	   considerably	   higher	   at	   the	   tip	   of	   this	   fault.	   East	   of	   the	  
surface-­‐breaking	  fault	  segment,	  vertical	  displacement	  is	  accommodated	  in	  flexure,	  ahead	  
of	   a	   blind	   fault	   segment	   suggesting	   this	   portion	   of	   the	   fault	   has	   so	   far	   been	   unable	   to	  
breach	   the	   surface.	   Locally	   elevated	   stresses	   could	   be	   induced	   by	   interaction-­‐related	  
stresses	  within	   the	   relay	   zone.	  A	  new	  NW-­‐SE	   striking	   (110°)	   fault	   (fault	  B),	  expressed	  as	  
interacting	   extension	   fractures	   (accommodating	   a	   NE-­‐SW	   extension	   direction:	   Figure	  
4.38bii)	  and	  minor	  flexure	  at	  the	  surface,	  developed	  to	  relieve	  internal	  strains	  and	  initiate	  
a	  hard-­‐linkage	  (Figure	  4.38dii).	  Extension	  fractures	  that	  developed	  in	  the	  NW-­‐SE	  trend	  do	  
not	   show	   any	   oblique	   component	   to	   their	   opening,	   implying	   that	   rift-­‐normal	   and	   rift-­‐
oblique	  extension	  may	  be	  taking	  place	  simultaneously.	  Displacement	  deficits	  at	  the	  north	  
and	   south	   tips	   of	   extensions	   fractures	   in	   this	   set	   suggest	   a	   separate	   connecting	   fault,	  
behaving	   as	   a	   single	   structure	   (showing	   centrally	   located	   displacement	   maxima),	   is	  
developing	  within	  the	  ramp	  to	  transfer	  strains	  between	  the	  bounding	  structures.	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Figure	  4.38.	   	   (a)	  Mapped	   faults	  and	  extension	  fractures	   in	  the	  AOI.	  Red	  polylines	  represent	  the	  
dominant	  rift-­‐parallel	  fault	  and	  fracture	  set	  that	  accommodate	  the	  regional	  NNW-­‐SSE	  extension	  
direction.	   Additional	   oblique	   fracture	   and	   fault	   sets	   (fault	   B)	   have	   developed	   at	   the	   tips	   of	   en	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echelon	  rift	   faults	   (faults	  A	  and	  C),	  which	  appear	   to	  be	  cut	  by	   further	   rift-­‐parallel	   structures.	  b)	  
Individual	   stereographic	   projections	   for	   each	   structural	   set	   show	   measured	   fault/fractures	   as	  
planes	   and	   measured	   extension	   directions	   (bi-­‐iii)	   and	   a	   combined	   stereographic	   projection	  
summarizes	   a	   proposed	   counter-­‐clockwise	   rotation	   in	   extension	   direction	   from	   the	   regional	  
NNW-­‐SSE-­‐WNW,	  to	  NNE-­‐SSW,	  to	  NNW-­‐SSE	  with	  the	  cutting	  of	  the	  relay	  zone	  (biv).	  c)	  Modelled	  
strain	  fields	  surrounding	  two	  interacting	  fractures	  (darker	  grey	  is	  higher	  strain	  intensity)	  based	  on	  
the	   analogue	   models	   of	   Tentler	   and	   Acocella	   (2010)	   showing	   a	   left-­‐stepping	   fracture	  
configuration,	   resulting	   in	   a	   clockwise	   vertical	   axis	   rotation	   (i)	   and	   a	   right-­‐stepping	   fracture	  
configuration	  that	  produces	  a	  counter-­‐clockwise	  vertical	  axis	  rotation	  (cii).	  d)	  Proposed	  evolution	  
of	   fault	  sets:	   (di)	  Propagation	  of	  the	  main	  rift-­‐fault	  set.	  dii)	   Interaction	  between	  the	  main	  right-­‐
stepping	  rift	   faults	   leads	  to	  clockwise	  vertical	  axis	  block	  rotation	   in	  the	  relay	  zone,	  and	   induced	  
local	   reorientation	   of	   extension	   direction	   accommodated	  on	   ESE-­‐WNW	   trending	   fractures.	   diii)	  
Propagation	   of	   new	   rift-­‐parallel	   faults	   in	   the	   footwall	   and	   hanging	   wall	   of	   fault	   B	   leads	   to	   an	  
effective	  straightening	  out	  of	  the	  relay	  zone.	  
	  
Stage	  3:	   In	  the	  latest	  stage,	  new	  fault	  structures	  (set	  D	  and	  E)	  that	  follow	  the	  ENE-­‐WSW	  
(rift-­‐parallel)	   trend,	   accommodating	   the	   same	   NNW-­‐SSE	   extension	   direction	   as	   the	  
bounding	  fault	  structures	  have	  developed	  (Figure	  4.38biii,	  diii).	  	  
	  
There	  are	  no	  clear	  cross-­‐cutting	  relationships	  between	  fractures	  developing	  in	  the	  oblique	  
set	  (set	  B)	  and	  rift-­‐parallel	  sets	  in	  the	  footwall	  and	  hanging	  wall	  of	  the	  relay	  (set	  D	  and	  set	  
E,	  respectively)	  so	  it	  is	  unclear	  which	  fracture	  sets	  developed	  first.	  However,	  unpublished	  
measurements	   of	   ground	   cracks	   following	   the	   last	   major	   cracking	   event	   in	   the	   Koa’e	  
during	   the	   December	   1965,	   however,	   which	   identified	   fresh	   extension	   fractures	   in	   the	  
ENE-­‐WSW	   trend	   in	   the	   footwall	   of	   the	   relay	   zone,	   suggest	   they	   are	   a	   later	   set	   (set	   D:	  
Figure	  4.39;	  unpublished	  data	  from	  Don	  Swanson,	  Hawaii	  Volcano	  Observatory).	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The	  effect	  of	  the	  recent	  development	  of	  sets	  D	  and	  E	  is	  an	  overall	  straightening	  out	  of	  the	  
relay	  zone,	  implying	  either	  (or	  a	  combination	  of	  the	  following)	  that:	  (1)	  the	  ramp	  is	  unable	  
to	   accommodate	   the	   internal	   strains	   efficiently	   and	   a	   post-­‐breach	   stage	   of	   fault	  
development	  is	  taking	  place;	  or	  (2)	  a	  new	  dike	  (s)	  have	  been	  emplaced	  at	  depth	  and	  fault	  
and	   fracture	   segments	   are	   localising	   ahead	   of	   this.	   Observations	   of	   propagation	   and	  
linkage	  in	  the	  strike	  dimension	  of	  surface	  extension	  fractures	  are	  interpreted	  to	  also	  take	  
place	  in	  their	  vertical	  dimension;	  this	  is	  discussed	  further	  in	  Chapter	  6.	  
	  
4.6. Summary	  
• Using	   the	   geometry	   of	   fracture	   traces	   and	   their	   displacement	   characteristics,	   it	   is	  
shown	   that	  mechanical	   interaction	   of	   opposing	   fracture	   tip	   stress	   fields	   results	   in,	  
asymmetrical	   displacement	   profiles	   and	   variable	   path	   geometries,	   implying	   local	  
stress	  perturbations.	  
• At	  both	  the	  fracture	  and	  fault	  scale,	  extensional	  strains	  in	  the	  Koa’e	  fault	  system	  have	  
developed	  as	  a	  result	  of	  two	  stress	  components:	  (1)	  a	  regional	  stress	  associated	  with	  
the	   dynamics	   of	   the	   volcanic	   flank;	   and	   (2)	   local	   interaction	   induced	   strains	   that	  
result	   in	   the	   reorientation	   of	   stress	   trajectories	   and	   deviation	   in	   the	   regional	  
extension	  vector.	  	  
• The	   process	   of	   fault	   interaction	   and	   linkage	   is	   not	   an	   instantaneous	   process	   but	   a	  
progressive	  inelastic	  process,	  which	  results	  in	  multiple	  fault	  sets	  and	  complex	  non	  co-­‐
axial	  strains.	  
• The	  deforming	  lava	  sequence	  contains	  significant	  mechanical	  anisotropies	  due	  to	  the	  
presence	   of	   networks	   of	   cooling	   joints	   and	   the	   mechanical	   stratigraphy	   that	   was	  
identified	  in	  Chapter	  3.	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• Records	  of	  the	  temporal	  and	  spatial	  emplacement	  of	  magma	  at	  depth	  suggest	  driving	  
stresses	  are	  neither	  isotropic	  nor	  homogenous	  (constant	  in	  time	  and	  magnitude,	  and	  
uniformly	   distributed)	   and	   strain	   rates	   may	   vary	   across	   a	   rift	   zone,	   which	   in-­‐turn	  
controls	  the	  distribution	  and	  style	  of	  deformation	  	  
• Current	   models	   involving	   the	   in-­‐plane	   propagation	   of	   a	   fault	   in	   a	   linear	   elastic,	  
isotropic,	  homogenous	  deforming	  volume	  are	  therefore	  unable	  to	  predict	  the	  natural,	  
scale-­‐invariant	   and	   intrinsic	   segmentation,	   progressive	   interaction	   and	   linkage	   that	  
occurs	  in	  the	  study	  area.	  	  
• Segmentation	   may	   be	   a	   function	   of	   one,	   or	   a	   combination,	   of	   an	   anisotropic	  
deforming	   sequence	  and	   the	  distribution	  and	  magnitude	  of	   syn-­‐tectonic	   volcanism,	  
which	  results	  in	  primary	  and	  secondary	  scales	  of	  segmentation.	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Chapter	  5	  
Rift-­‐Fault	   Segmentation:	   the	   Krafla	  
Fissure	  Swarm,	  NE	  Iceland	  
	  
5.1. Introduction	  
Evolving	   rift	   systems	   comprise	   large-­‐scale	   structural	   domains	   that	   are	   characterised	   as	  
segments,	  with	  heterogeneous	  populations	  of	  discontinuous	  normal	  faults	  that	  show	  lengths	  of	  
tens	   to	  hundreds	  of	   kilometres,	   accommodating	   the	   regional	  extension	  vector	   (e.g.	  Bosworth,	  
1985;	   Rosendahl	   et	   al.,	   1986;	   Faulds	   and	   Varga,	   1998).	   Rift	   segments	   requires	   inter-­‐fault	  
transitional	   zones	  at	   their	   terminations,	  where	  extension	   is	   conserved	  and	   transferred	   (Gibbs,	  
1984;	  Ebinger,	  1989;	  Ebinger	  et	  al.,	  1989;	  Morley	  et	  al.,	  1990;	  Nelson	  et	  al.,	  1992;	  Gawthorpe	  
and	  Hurst,	  1993;	  Hayward	  and	  Ebinger,	  1996).	  	  First	  order	  segmentation	  is	  associated	  with	  one	  
of	   two	   types	   of	   inter-­‐fault	   transitional	   zone:	   (1)	   zones	   that	   are	   hard	   linked	   by	   subvertical,	  
transtensional	   or	   strike-­‐slip	   “transfer”	   faults	   that	   strike	   parallel	   or	   sub-­‐parallel	   to	   the	   regional	  
extension	  direction;	  and	  (2)	  soft-­‐linked	  belts	  (accommodation	  zones)	  of	  ductile	  strain	  between	  
overlapping	   synthetic	   or	   antithetic	   fault	   tip	   lines	   (e.g.	  Morley	   et	   al.,	   1990;	   Faulds	   and	   Varga,	  
1998;	  Peacock	  et	  al.,	  2000).	  	  
Much	  of	  our	  understanding	  of	  the	  segmentation	  within	  rift	  systems	  has	  developed	  as	  a	  
result	  of	  greater	  access	  to	  commercial	  and	  academic	  seismic	  reflection	  and	  gravity	  datasets,	  as	  
well	   as	   field	   mapping	   in	   areas	   such	   as	   the	   East	   Africa	   Rift	   (EAR).	   Limitations	   regarding	   the	  
resolution	  of	  these	  datasets	  (e.g.	  Doré	  et	  al.,	  1997;	  Planke	  et	  al.,	  1999;	  Schutter,	  2003;	  Moy	  and	  
Imber,	   2009),	   however,	   make	   it	   challenging	   to	   resolve	   both	   the	   temporal	   and	   kinematic	  
evolution	   of	   inter-­‐fault	   transfer	   and	   accommodation	   zones	   and	   their	   sub-­‐seismic-­‐scale	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distribution	   and	   geometries.	   Field	   based	   studies	   of	   overlapping	   individual	   rift	   faults	   and	   rift	  
segments	   in	   areas	   such	   as	   the	   EAR	   have	   drawn	   attention	   to	   segmented	   and	   curvilinear	   fault	  
geometries	  that	  show	  similarities	  to:	  (1)	  faults	  in	  Iceland	  (Gudmundsson	  et	  al.,	  1993;	  Acocella	  et	  
al.,	   2000);	   (2)	   the	  geometries	  exhibited	  by	  overlapping	  oceanic	   ridge	   segments	   (Macdonald	  et	  
al.,	  1987;	  Pollard	  and	  Aydin,	  1984;	  Tentler,	  2003);	  (3)	  dike	  segments	  (Delaney	  and	  Pollard,	  1981;	  
Pollard	   et	   al.,	   1982);	   and	   (4)	   extension-­‐mode	   fractures,	   e.g.	   joints,	   veins	   or	   dikes	   (Olson	   and	  
Pollard,	   1989).	   These	   geometries	   have	   also	   been	   predicted	   in	   scaled	   analogue	   (McClay	   and	  
White,	   1995;	   Acocella	   et	   al.,	   1999;	   Clifton	   et	   al.,	   2000;	   Acocella	   et	   al.,	   2005;	   Van	  Gent	   et	   al.,	  
2010)	  and	  numerical	  models	  of	  fracture	  propagation	  in	  isotropic,	  homogenous	  media	  based	  on	  
theoretical	  fracture	  mechanics	  (Segall	  and	  Pollard,	  1980;	  Thomas	  and	  Pollard,	  1993;	  Crider	  and	  
Pollard,	   1998;	  Maerten	  et	   al.,	   2002).	   In	   these	   linear	   elastic	   analogues,	   progressive	  mechanical	  
interference	  of	  stress	  fields	  surrounding	  the	  terminations	  of	  en	  echelon	  fractures	  are	  shown	  to	  
control	   fracture	   and	   fault	   geometry	   during	   propagation,	   and	   generate	   locally	   elevated	   stress	  
concentrations	  in	  the	  overlap	  zone	  during	  their	  formation.	  The	  predicted	  stresses	  in	  this	  region	  
can	  be	  great	  enough	  to	  overcome	  the	  propagation	  criterion,	  resulting	  in	  the	  out-­‐of-­‐plane	  failure	  
beyond	  the	   fault	   tip	  and	  the	   formation	  of	  multiple	  sets	  of	  ancillary	   faults	  and	  fractures	   (Segall	  
and	  Pollard,	  1980;	  Atkinson,	  1987;	  Engelder,	  1993;	  Maerten	  et	  al.,	  2002).	  
Natural	   examples	  of	   triaxial	   strains	   surrounding	   the	   tips	   of	   en	   echelon	   rift	   faults	   have	  
been	  found	   in	  areas	  of	   the	  EAR	  where	  deformation	   is	  partitioned	  onto	  multiple	  sets	  of	  minor,	  
ancillary	   fault	   sets	   (Griffiths,	  1980;	  Morley	  et	  al.,	   1990).	   These	   types	  of	   strain	  are	   traditionally	  
explained	   by	   one	   of	   three	   models:	   (1)	   multiple	   tectonic	   episodes,	   conserving	   an	   inherently	  
plane-­‐strain	   extension	   (e.g.	   Angelier	   et	   al.,	   2000);	   (2)	   perturbations	   of	   the	   applied	   and	   local	  
stress	   field	   by	   local	   fault	   development,	   where	   faulting	   predates	   additional	   deformation	  
(Rotevatn	   et	   al.,	   2007);	   or	   (3)	   basement	   lineament	   control	   (e.g.	   Maerten	   et	   al.,	   2002).	  
Understanding	  the	  architecture	  of	  these	  inter-­‐fault	  areas,	  or	  relay	  zones,	  and	  the	  distribution	  of	  
extensional	  strains	  within	  them	  is	  important	  not	  only	  to	  our	  understanding	  of	  crustal	  extension	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but	   it	   has	   vital	   implications	   for	   the	   exploration	   of	   fluid-­‐related	   resources,	   including	  
hydrocarbons,	  in	  rift	  settings	  (e.g.	  Gawthorpe	  et	  al.,	  1993;	  Moy	  and	  Imber,	  2009;	  Rippington	  et	  
al.,	   2015;	   Fossen	   and	   Rotevatn,	   2016).	   Internal	   complexities	   associated	   with	   local	   stress	  
perturbations	  can	  result	   in	  more	  distributed	  or	   increased	  fault	   rock	  volumes	  which	  may	  act	  as	  
barriers	  or	  conduits	  to	  fluids.	  
It	   has	   been	   shown	   in	   the	   preceding	   chapters	   that	   segmentation	   is	   an	   intrinsic	   and	  
transient	  feature	  of	  fault	  and	  fracture	  development	  from	  the	  scale	  of	  initial	  crack	  nucleation	  to	  a	  
tens	   of	   cm	   to	   hundreds	   of	   metre-­‐scale	   in	   an	   incipient	   rift	   zone.	   This	   segmentation,	   and	   the	  
resultant	   local	   stress	   variation,	   is	   partly	   controlled	   by	   the	   natural	  mechanical	   anisotropy	   (e.g.	  
joints	  and	  intact	  rock	  strength	  variations)	  within	  the	  deforming	  host	  rock	  and	  the	  distribution	  of	  
magmatic	  overpressures,	  and	  hence,	   strain	   rates	   (e.g.	   large,	   surface-­‐breaking	   faults	  proximally	  
to	   the	   magmatically	   active	   ERZ	   and	   blind	   faults	   distally).	   In	   this	   chapter,	   high-­‐resolution	  
structural	   mapping	   of	   the	   distribution	   and	   geometry	   of	   rift-­‐faults	   and	   ancillary	   strains	  
surrounding	   their	   tips	   is	   used	   to	   study	   the	   role	   of	   inheritance	   and	   kinematics	   during	   fault	  
coalescence	  and	  localisation.	  
5.2. Geological	  Setting	  
Iceland	  is	  located	  on	  the	  divergent	  plate	  boundary	  between	  the	  North	  American	  and	  Eurasian	  
tectonic	   plates,	   and	   represents	   a	   subaerially	   exposed	   segment	   of	   the	   Mid-­‐Atlantic	   Ridge.	  
Interaction	  between	  the	  Mid	  Atlantic	  Ridge	  and	  a	  mantle	  plume	  located	  beneath	  Iceland	  have	  
led	   to	  anomalously	  high	  crustal	   thicknesses	   (10-­‐15	  km),	  approximately	  double	   that	  of	   typical	  
oceanic	  crust.	  	  This	  interaction	  has	  generated	  an	  active	  rift	  zone	  that	  accommodates	  WNW-­‐ESE	  
(103°)	   extension	   of	   ~19	   mm/year	   (Sæmundsson,	   1974;	   Angelier	   and	   Bergerat,	   1997;	  
Gudmundsson,	  2007;	  Wright	  et	  al.,	  2012).	  
Iceland	   can	   be	   divided	   into	   three	   major	   domains,	   based	   on	   the	   age	   of	   rift	   zone	  
material:	   (1)	   the	   current	   axial	   rift	   zone,	   comprising	   Holocene	   lavas	   and	   Upper	   Pleistocene	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(0.001-­‐0.070	  My)	  rocks;	   (2)	   the	   lower	  Pleistocene	  rift	  axis	   (0.07-­‐0.31	  My)	  and	  (3)	   the	  original	  
rift	  axis,	  comprising	  Tertiary	  lavas	  (3.1-­‐16.0	  My)	  and	  acidic	  intrusive	  volcanic	  centres	  (Opheim	  
and	  Gudmundsson,	  1989;	  Gudmundsson,	  1992;	  Gudmundsson	  et	  al.,	  1996).	  The	  present	  day	  
neovolcanic	   zone	   (NVZ)	  marks	   the	  onshore	  continuation	  of	   the	  Reykjanes	  Ridge	   in	   the	  south	  
and	  the	  Kolbeinsey	  Ridge	  in	  the	  north,	  with	  present-­‐day	  extension	  accommodated	  in	  a	  series	  
of	  volcanic	  rift	  zones	  centred	  above	  the	  hotspot	  beneath	  the	  Vatnajökull	  icecap	  (Garcia	  et	  al.,	  
2003;	  Bergerat	  and	  Angelier,	  2008;	  Figure	  5.1).	  	  	  
	   	  
Figure	  5.1.	  Map	  of	  Iceland	  highlighting	  the	  major	  tectonic	  elements:	  Reykjanes	  Ridge	  (RR);	  the	  Kolbeinsey	  
Ridge	  (KR);	  South	  Iceland	  Seismic	  Zone	  (SISZ);	  West	  Volcanic	  Zone	  (WVZ);	  East	  Volcanic	  Zone	  (EVZ);	  Neo-­‐
Volcanic	   Zone	   (NVZ:	   the	   axial	   rift	   zone);	   Askja	   volcanic	   centre	   (As);	   Fremri-­‐Namur	   volcanic	   centre	   (Fr);	  
Krafla	  volcanic	  centre	  (Kr);	  Theistareykir	  volcanic	  centre	  (Th);	  the	  Tjornes	  Fracture	  Zone	  (TFZ)	  comprising	  
the	  Dalvik	  lineament	  (DF),	  the	  Husavik-­‐Flatey	  Fault	  (HF)	  and	  the	  Grimsey	  lineament	  (GF).	  
	  
The	   dynamic	   nature	   of	   the	   plate	   boundary	   is	   such	   that	   the	   neovolcanic	   zone	   is	   inherently	  
unstable	   and	   rift	   jumps	   have	   previously	   taken	   place	   at	   intervals	   of	   5-­‐10	  My	   (Pedersen	   et	   al.,	  
2009).	  The	  neovolcanic	  rift	  zone	  has	  shifted	  more	  than	  100	  km	  eastward	  with	  respect	  to	  the	  Mid	  
Atlantic	  Ridge	  from	  the	  former	  axial	  rift,	  the	  West	  Volcanic	  Zone	  (Sæmundsson,	  1974).	  Dating	  of	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the	  rift	  jumps	  reveals	  a	  diachronous	  pattern	  from	  north	  to	  south:	  in	  northern	  Iceland,	  the	  latest	  
rift	   jump	   took	  place	  at	  8.0-­‐8.5	  Ma,	  whereas	   in	   southern	   Iceland	   the	   jump	  occurred	  at	  2-­‐3	  Ma	  
(Garcia	  et	  al.,	  2003;	  Bergerat	  and	  Angelier,	  2008).	  To	  accommodate	  the	  migration	  of	  the	  plate	  
boundary,	   two	  major	   transform	   fault	   zones	   have	   developed:	   the	   South	   Iceland	   Seismic	   Zone	  
(SISZ),	   linking	   the	   Reykjanes	   Ridge	   and	   the	   neovolcanic	   zone,	   and	   the	   Tjornes	   Fracture	   Zone	  
(TFZ),	  which	   connects	   the	  neovolcanic	   zone	   to	   the	  Kolbeinsey	  Ridge	   (Figure	  5.1).	  Much	  of	   the	  
seismicity	   in	   Iceland	   is	   recorded	   in	   these	   transform	   zones	   (e.g.	   Bergerat	   and	   Angelier,	   2008).	  
Seismicity	  in	  the	  TFZ	  is	  concentrated	  in	  a	  120	  km	  long	  and	  70	  km	  wide,	  WNW-­‐ESE	  striking	  zone,	  
which	  has	  cumulative	  right-­‐lateral	  displacements	  of	  up	  to	  60	  km.	  Focal	  mechanisms	  from	  within	  
this	   zone	   reveal	   three	   primary	   seismogenic	   features,	   accommodating	   right-­‐lateral	  
displacements:	  the	  Grimsey	  lineament,	  the	  Husavik-­‐Flatey	  lineament,	  and	  the	  Dalvik	  lineament	  
(Figure	  5.2a;	  Gudmundsson	  et	  al.,	  1993;	  Rognvaldsson	  et	  al.,	  1998;	  Bergerat	  and	  Angelier,	  2008).	  
The	   SISZ	   is	   an	   east-­‐west	   striking	   zone	   of	   seismicity,	   70-­‐80	   km	   long	   and	   20-­‐30	   km	  wide,	   that	  
represents	   the	   onshore	   continuation	   of	   the	   Reykjanes	   Ridge,	   linking	   this	   segment	   with	   the	  
western	  (WVZ)	  and	  eastern	  (EVZ)	  volcanic	  zones.	  A	  general	  left-­‐lateral	  displacement	  is	  identified	  
across	  this	  zone,	  although	   it	   is	  dominated	  by	  north-­‐south	  striking	  normal	   faults	  and	  ENE-­‐WSW	  
left-­‐	   and	   right-­‐lateral	   strike-­‐slip	   faults	   (Bergerat	   and	   Angelier,	   1999,	   2008).	   Unlike	   the	   TFZ,	  
however,	   the	   SISZ	   lacks	   the	   tectonic	   components	   consistent	  with	   an	   oceanic	   transform	   fault,	  
including	  transform-­‐parallel	  strike-­‐slip	  faults	  and	  grabens	  (Gudmundsson,	  2007).	  
Within	   the	   present	   day	   neovolcanic	   zone	   are	   4	   sub-­‐parallel	   NNE-­‐SSW	   striking	   en	  
echelon	  volcanic	  systems	  and	  associated	  fissure	  swarms,	  a	  term	  used	  to	  describe	  the	  rift	  zones	  
in	   Iceland,	  which	   are	   characterised	  by	   large	  open	  normal	   faults	   and	  extension	   fractures	   (i.e.	  
fissures)	   (e.g.	   Gudmundsson,	   2011).	   From	  NW	   to	   SE	   these	   are:	   Theistareykir,	   Krafla,	   Fremri-­‐
Namur,	   Askja,	   and	   Kverkfjöll	   (Figure	   5.2b).	   Krafla	   and	   Askja	   feature	   well-­‐developed	   central	  
volcanoes	   and	   calderas,	   whereas	   Theistareykir	   and	   Fremri-­‐Namur	   show	   a	   less	   developed	  
morphology	  (i.e.	  no	  central	  caldera).	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Figure	   5.2.	   (a)	  Map	  highlighting	   epicentres	   and	   focal	  mechanisms	  of	   earthquakes	   in	   Iceland	  during	   the	  
interval	  1963-­‐1987	  (map	  from	  Einarsson,	  1991).	  b)	  Rifting	  since	  the	  upper	  Pleistocene	  has	  taken	  place	  in	  
the	  neovolcanic	   zone,	   comprising	   five	  en	  echelon	  volcanic	   systems:	  Theistareykir,	  Krafla,	  Fremri-­‐Namur,	  
Askja	  and	  Kverkfjöll	  (map	  from	  Langbacka	  and	  Gudmundsson,	  1995).	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Crustal	  extension	   in	  each	  of	  these	  zones	   is	  accommodated	  by	  sub-­‐parallel	  systems	  of	  normal	  
faults,	  eruptive	  fissures	  and	  extension	  mode	  fractures	  that	  are	  associated	  with	  an	  axial	  volcano	  
that	   forms	   the	   locus	   of	   activity	   (Sæmundsson,	   1974;	   Brandsdóttir	   and	   Einarsson,	   1979).	  
Historical	   records	   imply	   that	   only	   one	   of	   these	   volcanic	   systems	   is	   active	   during	   any	   rifting	  
episode	  (Gudmundsson	  and	  Backstrom,	  1991).	  
	  
5.2.1. The	  Krafla	  Fissure	  Swarm	  
The	   Krafla	   central	   volcano,	   and	   associated	   fault	   and	   fracture	   networks	   has	   dominated	   recent	  
volcanic	   activity	   in	   the	   neovolcanic	   zone	   with	   approximately	   35	   Holocene	   basaltic	   eruptions	  
identified	   (Brandsdóttir	   and	   Einarsson,	   1979;	   Opheim	   and	   Gudmundsson,	   1989).	   The	   Krafla	  
volcanic	   rift	   zone	  extends	  80-­‐100	  km	  from	  the	  south	  of	  Myvatn	  Lake	  to	   the	  coast	  at	  Axarfjörd	  
(Figure	  5.2b),	  with	   a	  width	  of	   4-­‐10	   km	   (Bjornsson	  et	   al.,	   2007).	  Magma	   is	   stored	  beneath	   the	  
central	   caldera	   ~10	   km	   north	   of	   Myvatn,	   in	   a	   reservoir	   at	   approximately	   2.5-­‐3.0	   km	   depth	  
(Dauteuil	   et	   al.,	   2001).	  When	   a	   critical	   level	   of	   inflation	   is	   reached,	  magma	  migrates	   laterally	  
north	  and	  south,	  and	  a	  rifting	  event	  takes	  place	  (e.g.	  Rubin,	  1990;	  Angelier	  and	  Bergerat,	  1997).	  
Recurrence	   intervals	   for	   rifting	   events	   in	   northern	   Iceland	   are	   reported	   to	   be	   ~100-­‐150	   years	  
(Bjornsson	   et	   al.,	   1978).	   Regional	   WNW-­‐ESE	   extension	   during	   each	   rifting	   episode	   is	  
characterised	   by	   slip	   on	   NNE-­‐SSW	   striking	   normal	   faults	   and	   opening	   along	   both	   new,	   and	  
existing	  extension	   fractures	  (Tryggvason,	  1984;	  Opheim	  and	  Gudmundsson,	  1989;	  Angelier	  and	  
Bergerat,	  1997).	  Published	  records	  of	  repeated	  geodetic	  measurements	  have	  shown	  that	  during	  
a	   single	   episode,	   extension	   is	   dominantly	   localised	   in	   a	   1-­‐2	   km	   wide	   zone	   where	   faults	  
accumulate	   an	   average	   of	   1-­‐2	  m	   of	   displacement	   and	   extension	   fractures	   dilate	   by	   1.5-­‐2.0	  m	  
(Bjornsson	  et	  al.,	  1978;	  Tryggvason,	  1984;	  Forslund	  and	  Gudmundsson,	  1991;	  Tryggvason,	  1994).	  
Extension	  in	  the	  Krafla	  fissure	  swarm	  is	  accommodated	  on	  surface-­‐breaking	  normal	  faults	  with	  
maximum	  throws	  of	  up	   to	  ~30	  m,	  and	   fractures	  with	  openings	  of	  up	   to	  ~4	  m,	   suggesting	   that	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extension	   in	   the	   region	   is	   characterised	   by	   the	   repeated	   reactivation	   of	   a	   smaller	   number	   of	  
major	   structures	   (i.e.	   faults	   have	   accumulated	   displacement	   rather	   than	   forming	   new	   faults	  
during	  each	  rifting	  event).	  The	  observed	  deformation	  in	  the	  Krafla	  fissure	  swarm	  has	  developed	  
since	  10	  Ka,	  based	  on	  ages	   for	   lavas	  and	  erosional	   surfaces.	   Extension	  of	   approximately	  30	  m	  
across	  the	  3	  km	  wide	  rift	  gives	  total	  strains	  of	  ~1%	  since	  that	  time	  (Dauteuil	  et	  al.,	  2001).	  	  
During	   the	  most	   recent	  episode	  of	   rift	  activity,	  between	  1975-­‐1984,	  multiple	   inflation-­‐
deflation	  cycles	  were	   identified,	  associated	  with	  21	   individual	   rifting	  events	  that	  culminated	   in	  
crustal	  extension	  of	  approximately	  9-­‐10	  m	  in	  central	  and	  southern	  portions	  of	  the	  rift,	  and	  3-­‐4	  m	  
in	  the	  north.	  Initial	  rifting	  during	  this	  period	  was	  characterised	  by	  the	  emplacement	  of	  dikes	  into	  
the	  rift	  zone,	  which	  propagated	  70-­‐80	  km	  along	  the	  rift	  (Hollingsworth	  et	  al.,	  2013).	  Inflation	  is	  
thought	  to	  be	  the	  result	  of	  magma	  accumulation	  in	  the	  reservoir	  approximately	  3	  km	  below	  the	  
centre	  of	   the	  volcano	   (e.g.	  Tryggvason,	  1984;	  Hollingsworth	  et	  al.,	  2013).	  Deflation	  events	  are	  
associated	   with	   lateral	   dike	   emplacement	   and	   earthquake	   seismicity	   that	   migrates	   from	   the	  
central	  volcano	  outwards	  during	  a	  rifting	  event	  (Brandsdóttir	  and	  Einarsson,	  1979;	  Tryggvason,	  
1984;	   Angelier	   and	   Bergerat,	   1997).	   The	   latest	   rifting	   episode	   took	   place	   in	   1984	   with	   the	  
extrusion	  of	  0.25	  km3	  of	  fresh	  lava	  during	  individual	  events	  (Opheim	  and	  Gudmundsson,	  1989).	  
5.3. Datasets	  
The	   focus	   of	   this	   chapter	   is	   the	   segmentation,	   distribution,	   and	   kinematics	   of	   normal	   fault	  
structures,	  and	   their	  associated	  extension	   fracture	  networks,	  within	  an	  area	  of	   segmented	   rift	  
faults	   in	   the	  Gjastykki	  Valley,	   ~10	   km	  north	  of	   Krafla	   volcano	   (Figure	  5.3).	   Regional	  WNW-­‐ESE	  
extensional	   strain	   in	   the	  Gjastykki	  Valley	   is	   accommodated	  by	  NNE-­‐SSW	  striking	  normal	   faults	  
and	   extension	   fractures.	   The	   area	   offers	   the	   opportunity	   to	   constrain	   the	   progressive	  
development	  of	   through-­‐going	  extensional	   faults	   in	   a	  higher	   strain,	  more	  evolved	   rift	   zone	  by	  
characterising	   the	   relative	   timing,	   geometric	   relationships,	   and	   kinematics	   of	   ancillary	   strains	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surrounding	   segmented	   faults.	   This	   is	   achieved	   through	   remote	   and	   field-­‐based	   structural	  
mapping.	  	  
	  
Figure	  5.3.	  Map	  highlighting	  the	  Krafla	  and	  Theistareykir	  volcanic	  centres	  and	  the	  orientation	  of	  major	  rift	  
faults	   (white	   lines)	   in	   the	  neovolcanic	   zone	  and	   the	  extent	  of	   the	  most	   recent	   lava	   flows	  erupted	   from	  
Krafla	   in	   1984.	   The	   area	   of	   interest	   (AOI)	   for	   this	   chapter	   in	   highlighted.	   Base	   image	   topography	   taken	  
from	  GeoMapApp.	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5.3.1. Field	  Mapping	  
Extension	   fracture	  measurements	  were	  collected	  at	   the	   start	  and	  end	  of	   the	   surface	   trace	   for	  
each	  fracture	  (or	  as	  close	  as	  exposure	  allowed)	  as	  well	  as	  at	  a	  series	  of	  regular	  points	  along	  each	  
fracture	  trace	  (Figure	  5.4).	  	  Measurement	  of	  extension	  direction	  and	  style	  of	  opening	  within	  the	  
area	  of	  interest	  (AOI)	  is	  made	  possible	  by	  the	  characteristic	  zig-­‐zag	  geometry	  of	  fracture	  traces,	  
which	   allows	   displaced	   walls	   to	   be	   matched	   across	   the	   crack	   aperture,	   and	   show	   either	  
extension	   (mode-­‐I)	  or	  extensional-­‐shear	   (mixed-­‐mode)	  openings.	  Data	  collection	  was	   focussed	  
in	   an	   area	   of	   the	  Gjastykki	   Valley	   along	   a	   series	   of	   rift-­‐parallel	   (NNW-­‐SSW)	   normal	   faults	   and	  
extension	   fractures.	  Mapping	   included	  measurement	   of	   the	   following:	   (1)	   extension	   direction	  
and	  mode;	   (2)	   fracture	   aperture;	   (3)	   fracture	   azimuth;	   and	   (4)	   vertical	   offset,	   where	   present	  
(Figure	   5.4).	  Measurements	  were	   collected	   in	   the	   AOI	   (Figure	   5.5)	   at	   the	   tips	   and	   a	   series	   of	  
locations	  along	  fracture	  (and	  fault)	  traces.	  An	  average	  azimuth	  was	  also	  taken	  for	  fractures	  from	  
one	  tip,	  looking	  towards	  the	  other.	  
	  
Figure	   5.4.	   Measurement	   of	   fracture	   geometry	   and	   kinematics:	   extension-­‐mode	   opening	   across	   pre-­‐
existing	  cooling	  joint	  surfaces	  allows	  the	  traditional	  measurement	  of	  opening	  direction,	  aperture,	  azimuth	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and	  vertical	  offset.	  The	  fracture	  in	  the	  image	  shows	  an	  aperture	  of	  ~0.3	  m,	  and	  an	  opening	  direction	  of	  9°,	  
oblique	  to	  the	  azimuth	  of	  the	  fracture	  (~330°),	  indicating	  a	  component	  of	  left-­‐lateral	  shear.	  
Surface-­‐breaching,	   sub-­‐vertical	   normal	   faults	   demonstrate	   components	   of	   horizontal	   and	  
vertical	   displacement,	   and	   are	   inferred	   to	   reflect	   linkage	   of	   surface	   extension	   fractures	   with	  
blind	  normal	  fault	  tips	  at	  depth.	  Exposed	  normal	  fault	  surfaces	  in	  the	  Krafla	  fissure	  swarm	  have	  
been	   subject	   to	  erosion	  or	   collapse,	   therefore	   the	  extensional	  opening	  history	   (i.e.	   dip	   slip	  Vs	  
dip-­‐oblique	  slip)	  could	  not	  be	  constrained.	  It	  was	  possible,	  however	  to	  observe	  and	  record	  fault	  
azimuth,	  approximate	  throw	  and	  geometry.	  	  
Field	   data	   were	   collected	   digitally,	   using	   a	   Windows	   Surface	   Pro	   2	   tablet	   computer	  
running	  a	  Windows	  8	  operating	  system	  and	  ArcGIS	  10.2.	  Fracture	  measurements	  were	  recorded	  
directly	   into	  a	  shapefile	   in	  ArcGIS	  using	  a	  Bluetooth	  Garmin	  Glo	  GPS	  device.	  The	   intermediary,	  
open	  source	  program	  Fransom	  GPSGate	  was	  used	  to	  generate	  a	  virtual	  COM	  port,	  with	  location	  
data	  from	  the	  Garmin	  receiver	  translated	  into	  a	  NMEA	  protocol	  that	  is	  used	  by	  ArcGIS	  to	  obtain	  
live	  spatial	  reference	  data.	  Fracture	  measurements	  were	  digitally	  plotted	  directly	  onto	  a	  satellite	  
image	  or	  base	  map	  for	  the	  area.	  Digital	  data,	  as	  points	  within	  the	  shapefile,	  were	  exported	  and	  
input	  into	  Microsoft	  Excel	  for	  further	  analysis.	  Traces	  for	  faults	  and	  fractures	  located	  outside	  the	  
AOI	   in	   Figure	   5.5	   are	   mapped	   remotely	   using	   Google	   Earth™	   imagery	   and	   geometric	  
measurements	   (length/azimuth)	   are	   derived	  using	   lineament	   analysis	   functions	   in	  ArcGIS.	   The	  
resulting	  dataset	  contains	  ~430	  kinematic	  measurements	  of	  faults	  and	  fractures	  in	  the	  AOI	  and	  
provides	   high-­‐resolution	   documentation	   of	   the	   distribution	   and	   kinematics	   of	   primary	   and	  
ancillary	  deformation	  within	  a	  relay	  zone.	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5.4. Results	  
Structural	   characterisation	   of	   extensional	   strains	   in	   the	   Krafla	   fissure	   swarm	   is	   separated	   into	  
two	  types:	   (1)	  extension	   fractures	   that	  demonstrate	  horizontal	  openings	  but	  no	   throw	  and	   (2)	  
normal	  faults	  that	  demonstrate	  a	  horizontal	  and	  vertical	  (throw)	  component	  of	  displacement.	  	  
5.4.1. Fracture	  Distribution	  and	  Scaling	  
Extension	  fractures	  in	  the	  Krafla	  fissure	  swarm	  form	  linear	  zones	  that	  are	  up	  to	  5	  km	  long	  and	  5-­‐
15	  m	  wide.	  These	   zones	  are	  dominantly	   located	   in	   the	   footwalls	  of	  NNE-­‐SSW	  striking	   surface-­‐
breaking	  normal	  fault	  segments	  that	  form	  the	  bounding	  structures	  of	  a	  NNE-­‐SSW	  striking	  graben	  
approximately	  1	  km	  wide,	  ~	  10	  km	  north	  of	  Krafla	  volcano	  (Figure	  5.5).	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Figure	   5.5.	   Mapped	   extension	   fractures	   (red	   polylines)	   and	   normal	   faults	   (yellow	   polylines)	   in	   the	  
Gjastykki	  valley	  within	  the	  Krafla	  fissure	  swarm	  (remote	  and	  field-­‐derived	  data).	  Faults	  form	  a	  NNE-­‐SSW	  
striking	   graben	   approximately	   1	   km	   wide.	   White	   box	   highlights	   the	   AOI	   shown	   in	   Figure	   5.8.	   Satellite	  
imagery	  from	  Google	  EarthTM.	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Figure	   5.6.	   (a)	   Distribution	   of	   fracture	   lengths	   in	   the	   Gjastykki	   valley	   in	   the	   Krafla	   fissure	   swarm.	   b)	  
Population	   distribution	   plots.	   i)	   Power	   law	   distribution	   for	   extension	   fracture	   length.	   ii)	   Exponential	  
distribution	  for	  extension	  fracture	  length.	  Plots	  suggest	  fracture	  scaling	  in	  the	  Krafla	  fissure	  swarm	  is	  best	  
described	  using	  an	  exponential	  function.	  
Zones	   of	   footwall	   extension	   fracturing	   most	   commonly	   comprise	   extension	   fractures	   up	   to	  
~800	  m	  long	  (Figure	  5.6a)	  and	  up	  to	  4	  m	  wide.	  At	  the	  metre-­‐scale,	  these	  fractures	  demonstrate	  
steps	  or	  undulations	  locally	  that	  are	  indicative	  of	  earlier	  linkage	  of	  smaller	  segments,	  but	  at	  the	  
scale	   of	   the	   whole	   fracture	   (tens-­‐hundreds	   of	   m-­‐scale),	   traces	   are	   linear	   and	   considered	  
composite	   structures:	   single	   fractures	   that	   develop	   through	   the	   interaction	   and	   linkage	   of	  
smaller	   fractures.	   Log-­‐log	   graphs	   of	   cumulative	   number	   plot	   against	   length	   (Figure	   5.6b)	  
indicate	   exponential	   scaling	   distributions.	   	   Such	   a	   distribution	   is	   consistent	   with	   extension	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fracture	  data	   from	  the	  Koa’e	   fault	   system	  (Chapter	  4)	  and	  published	  data	   from	  oceanic	   fault	  
populations	  (Cowie,	  1998)	  or	  vertically	  constrained	  faults	  (Ackermann	  et	  al.,	  2001).	  It	  has	  also	  
been	   suggested	   that	   non-­‐power	   law	   scaling	   may	   be	   an	   indicator	   of	   different	   processes	   or	  
controls	  operating	  at	  different	  scales	  (Nicol	  et	  al.,	  1996b).	  	  
	  
Figure	   5.7.	   Frequency	   of	  
fault	   and	   extension	   fracture	  
strike	  orientations	   for	   traces	  
shown	  in	  Figure	  5.5.	  
	  
	  
The	  dominant	   fracture	  orientation	   in	   the	  Gjastykki	  Valley	   is	  NNE-­‐SSW	  to	  NE-­‐SW	  (Figure	  5.7),	  
with	   individual	   fractures	   extending	   up	   to	   800	   m	   in	   length	   with	   apertures	   of	   2-­‐4	   m.	  
Approximately	  60%	  of	  faults	  and	  extension	  fractures	  fall	  into	  the	  NNE-­‐NE	  to	  SSW-­‐SW	  main	  rift	  
trend,	   with	   oblique,	   or	   rift-­‐normal	   structures	   comprising	   30%	   and	   10%	   of	   the	   population,	  
respectively	   (Figure	   5.7).	   Fractures	   outside	   of	   the	   main	   rift	   trend	   (NNE-­‐SSW)	   are	   neither	  
pervasive	  nor	  randomly	  distributed	  but	  show	  a	  close	  spatial	  association	  with	  the	  tip	  regions	  of	  
en	  echelon	  rift-­‐parallel	  faults.	  
	  
5.4.1.1. Fracture	  Kinematics	  and	  Segmentation	  
Remote	   and	   field	  mapping	   of	   extension	   fractures	   in	   the	   Krafla	   system	   reveal	   three	   structural	  
sets,	  which	  are	  separated	  based	  on	  their	  kinematics	  and	  orientations:	  	  
(1)	   Rift-­‐parallel	   (NNE-­‐SSW	   striking)	   sets	   of	   fractures	   show	   purely	   extensional	   openings	   and	  
accommodate	  the	  regional	  WNW-­‐ESE	  extension	  (red	  polylines,	  Figure	  5.8).	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(2)	   Rift-­‐oblique	   (NW-­‐SE	   striking)	   fractures	   that	   demonstrate	   a	   component	   of	   left-­‐	   and	   right-­‐
lateral	   shear,	   in	   addition	   to	   extensional	   openings,	   accommodating	   a	   NE-­‐SW	   extension	   (green	  
polylines,	  Figure	  5.8).	  
(3)	   Rift-­‐normal	   (WNW-­‐ESE	   striking)	   fractures	   that	   also	   show	   purely	   extensional	   openings,	  
accommodating	  N-­‐S	  to	  NNE-­‐SSW	  extension	  (yellow	  polylines,	  Figure	  5.8).	  	  
	  
	  
Figure	   5.8.	   Mapped	   faults	   and	   fractures	   of	   the	  
Gjastykki	  Valley	  in	  the	  AOI	  highlighted	  in	  Figure	  6.	  
Field	   mapping	   revealed	   three	   dominant	  
orientations:	   (1)	   rift-­‐parallel	   (NNE-­‐SSW	   striking)	  
sets	   of	   extension	   mode	   fractures	   (dashed	   red	  
polylines)	   and	   normal	   faults	   (solid	   red	   polylines,	  
Faults	   A,	   B,	   C),	   that	   accommodate	   WNW-­‐ESE	  
extension;	   (2)	   rift-­‐oblique	   NW-­‐SE	   striking	  
extensional-­‐shear	   fractures	   (dashed	   green	  
polylines)	   and	   normal	   faults	   (solid	   green	  
polylines)	   that	   accommodate	   NE-­‐SW	   extension;	  
and	   (3)	   rift-­‐normal	   WNW-­‐ESE	   striking	   extension	  
mode	   fractures	   (dashed	   yellow	   polylines),	  
accommodating	  N-­‐S	  to	  NNE-­‐SSW	  extension.	  Rift-­‐
oblique	   and	   rift-­‐normal	   sets	   are	   localised	  
features	  found	  at	  the	  terminations	  of	  en	  echelon	  
rift-­‐parallel	  faults	  A,	  B	  and	  C.	  Inset	  rose	  diagrams	  
demonstrate	   the	   opening	   directions	   for	   each	  
fracture	   set	   across	   the	   AOI.	   Satellite	   imagery	  
from	  Google	  EarthTM.	  	  
	   	   Chapter	  5	  
	   	   	  189	  
Rift-­‐parallel	   (NNE-­‐SSW)	   striking	   extension	   fractures	  most	   commonly	   lie	   in	   the	   footwall	   of	   and	  
parallel	  the	  trend	  of	  surface-­‐breaking	  normal	  faults	  throughout	  the	  Gjastykki	  Valley.	  Rift-­‐oblique	  
extension	   fractures,	   located	   in	   the	   footwall	   of	   NW-­‐SE	   striking	   normal	   faults,	   and	   rift-­‐normal	  
extension	  fractures	  are	  discontinuous,	  local	  features	  that	  are	  identified	  at	  the	  terminations	  of	  en	  
echelon	  rift-­‐parallel	  normal	  faults,	  rather	  than	  representing	  rift-­‐wide	  features	  (e.g.	  Figure	  5.8).	  	  
Displacement-­‐length	  profiles	   for	  extension	  fractures	   in	  the	  study	  area	  commonly	  show	  
one	   or	   more	   points	   of	   displacement	   minima	   that	   represent	   former	   fracture	   linkage	   sites	   of	  
previously	  en	  echelon	  or	  co-­‐linear	  single	  fractures	  (e.g.	  Figure	  5.9).	  Extension	  fractures	  may	  have	  
developed	   initially	   as	   isolated	   structures	   that	   propagated	   towards	   each	   other	  with	   increasing	  
extension,	  resulting	  in	  interaction	  and	  linkage	  to	  produce	  single,	  composite	  fractures.	  
	  
Figure	   5.9.	   (a)	   An	   example	   of	   two	   composite	   fractures	   showing	   points	   of	   displacement	   minima,	  
highlighted	   by	   red	   stars.	   b)	   Fracture	   traces	   show	  prominent	   bends	   corresponding	   to	   sites	   of	   linkage	   of	  
former	  single	  fractures.	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Displacement	  -­‐length	  profiles	  most	  commonly	  demonstrate	  symmetrical	  displacement	  gradients	  
with	  centrally	   located	  displacement	  maxima	  that	   taper	   towards	   the	   lateral	   tips	  of	   the	   fracture	  
(e.g.	  Figure	  5.9,	  red	  fracture).	  Sets	  of	  rift-­‐parallel	  extension	  fractures	  most	  commonly	  show	  total	  
displacement	  profiles	  with	  centrally	   located	  maxima	   that	  decrease	   to	   zero	   towards	   the	   lateral	  
tips	  of	  the	  array,	   indicating	  that	  fractures	  comprise	  fully	   linked	  sets	  of	  fractures	  (Figure	  5.10b).	  
There	   are	   a	   few	   instances	   displacement-­‐length	   profile	   asymmetry	   and	   high	   displacement	  
gradients	  at	   the	   tips	  of	   fractures,	  which	  are	  an	   indication	  of	   fracture	   interaction.	  The	  greatest	  
proportion	  of	  mapped	  extension	  fractures	  (70%)	  show	  centrally	  located	  displacement	  maxima.	  
	  
Figure	  5.10.	  (a)	  Map	   traces	  for	  rift-­‐parallel	  (WNW-­‐ESE)	  extension-­‐mode	  fractures	  located	  in	  the	  footwall	  
of	  fault	  C.	  b)	  Displacement-­‐length	  profiles	  for	  these	  fractures.	  Dotted	  grey	  line	  shows	  total	  aperture	  across	  
the	  fracture	  set	  and	  indicates	  a	  centrally	  located	  aperture	  maxima.	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Total	  displacement	  profiles	  for	  sets	  of	  rift-­‐parallel	  extension	  fractures	  also	  show	  displacement	  
maxima	  that	  are	   located	  close	  to	  the	  centre	  of	  the	  array	  (Figure	  5.10),	   implying	  fractures	  are	  
fully	  linked.	  	  
	  
	  
Figure	  5.11.	  Map	  traces	  for	  rift-­‐
normal	   (WNW-­‐ESE)	   extension-­‐
mode	   fractures	   (a)	   and	   (b)	   D-­‐L	  
profiles	   for	   these	   fractures.	  
Dotted	   grey	   line	   shows	   total	  
aperture	   across	   the	   fracture	  
set.	  
	  
	  
	  
Displacement-­‐length	   profiles	   for	   sets	   of	   rift-­‐normal	   extension	   fractures	   are	   more	  
asymmetrical,	   and	   show	   steeper	   displacement	   gradients	   than	   rift-­‐parallel	   extension	   fracture	  
sets.	   A	   total	   aperture	   profile	   for	   rift-­‐normal	   extension	   fractures	   is	   also	   asymmetrical,	   with	  
steep	  gradients	  at	  both	  ends	  (Figure	  5.11).	  This	  may	   imply	  that	   fractures	   in	  this	  set	  have	  not	  
linked	  fully.	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Figure	  5.12.	  (a)	  Mapped	  traces	  for	  rift-­‐oblique	  (NW-­‐SE)	  extension-­‐mode	  fractures	  located	  in	  the	  footwall	  
of	  fault	  C’.	  b)	  Displacement	  -­‐length	  profiles	  for	  fractures	  in	  the	  footwall	  of	  C’.	  c)	  Mapped	  traces	  for	  rift-­‐
oblique	   (NW-­‐SE)	  extension-­‐mode	   fractures	   located	   in	   the	   footwall	  of	   fault	  B’.	  d)	  Displacement	   -­‐length	  
profiles	   for	   fractures	   in	   the	   footwall	  of	  B’.	  Dotted	  grey	   lines	  on	  displacement-­‐length	  profiles	   (b	  and	  d)	  
show	  total	  aperture	  across	  the	  fracture	  sets.	  
Both	   individual,	   and	   total	   displacement-­‐length	   profiles	   for	   sets	   of	   rift-­‐oblique	   extension	  
fractures	  show	  symmetrical	  profiles,	  with	  centrally	  located	  maximum	  apertures	  (Figure	  5.12a,	  
b).	  There	  are	  also	  examples	  of	  more	  asymmetrical,	  steep	  displacement	  gradients	  (Figure	  5.12c,	  
d),	  implying	  that	  this	  set	  have	  also	  not	  linked	  fully.	  
Rift-­‐parallel	   (NNE-­‐SSW)	   striking	   fractures	   are	   the	   most	   frequently	   observed	   set	   and	  
show	  the	  greatest	  lengths	  (up	  to	  800	  m)	  in	  the	  Gjastykki	  Valley.	  Recorded	  apertures	  commonly	  
exceed	  3	  m.	  Rift-­‐normal	  (WNW-­‐ESE	  striking)	  fractures	  have	  the	  smallest	  lengths	  (less	  than	  ~40	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m)	  and	  apertures	   (up	   to	  ~	  1m)	   in	   the	  AOI	   (Figure	  5.11a	  and	  b).	  Rift-­‐oblique	   (NW-­‐SE)	   striking	  
fractures	   accommodate	   greater	   openings	   of	   up	   to	   4	  m	   (across	   open	   fault	   scarps),	   but	  more	  
typically	  2.0-­‐2.5	  m	  with	  lengths	  up	  to	  ~50	  m	  (Figure	  5.12a-­‐d).	  	  
5.4.2. Fault	  Geometry	  and	  Distribution	  
Extensional	   strains	   in	   the	   Krafla	   fissure	   swarm	   are	   dominated	   by	   large	   (>15	   m	   throw),	   sub-­‐
vertical	  surface-­‐breaking	  faults	  that	  are	  continuous	  in	  length	  for	  1.0-­‐1.5	  km	  and	  follow	  the	  NNE	  
(018o)	   strike	   of	   the	   NVZ.	   In	   addition	   to	   a	   component	   of	   throw,	   all	   surface-­‐breaching	   fault	  
segments	   demonstrate	   significant	   horizontal	   openings	   (up	   to	   ~4	  m)	   along	   composite	   fracture	  
traces,	  commonly	  between	  50-­‐100	  m	   long	  but	  up	  to	  ~800	  m	   long.	  Observable	  heave	  on	  these	  
faults	   is	   negligible	  due	   to	   their	   subvertical	   nature.	   Surface-­‐breaching	   fault	   scarps	   in	   the	  Krafla	  
fissure	   swarm	   offset	   planar	   footwall	   and	   hanging	   wall	   surfaces	   by	   up	   to	   ~30	   m	   and	   seldom	  
breach	   areas	   of	   surface	   flexure	   (Figure	   5.13a-­‐d).	   	   Two	   types	   of	   fault	   are	   identified	   in	   the	  
Gjastykki	   valley:	   (1)	   continuous	   (>0.5	   km	   in	   length),	   linked	   faults;	   and	   (2)	   discontinuous,	  
segmented	  faults.	  Continuous,	  fully	  linked	  normal	  fault	  segments	  form	  the	  main	  WNW	  and	  ESE	  
dipping	  Gjastykki	  graben-­‐bounding	  structures,	  and	  accommodate	  the	  greatest	  displacements	  in	  
the	   rift	   zone.	   At	   map	   scale,	   traces	   are	   straight,	   with	   minor	   undulations	   occurring	   between	  
formerly	  isolated	  segments,	  now	  hard-­‐linked	  by	  obliquely	  oriented	  steps.	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Figure	  5.13.	  Examples	  of	  surface-­‐breaching	  rift-­‐parallel	  fault	  segments	  in	  the	  Gjastykki	  area	  of	  the	  Krafla	  
fissure	   swarm.	   a)	   Subvertical	   normal	   faults	   demonstrate	   throws	   of	   up	   to	   25-­‐30	   m.	   	   b)	   Faults	   are	  
characterised	   by	   horizontal	   openings	   of	   2-­‐4	  m	   and	  most	   commonly	   offset	   planar	   footwall	   and	   hanging	  
wall	  surfaces.	  	  
Composite	  faults	  reach	  total	  lengths	  of	  up	  to	  1.5	  km,	  with	  centrally	  located	  throw	  maxima	  of	  up	  
to	  30	  m	  and	  horizontal	  openings	  of	  up	  to	  4	  m,	  which	  are	  commonly	  filled	  with	  rubble	  shed	  from	  
	   	   Chapter	  5	  
	   	   	  195	  
the	  exposed	  scarp.	   	  Discontinuous	   faults	  are	  composed	  of	  segments	  with	   lengths	  <0.5	  km	  and	  
most	  commonly	  show	  orientations	  that	  are	  highly	  oblique	  to	  the	  main	  NNE-­‐SSW	  trend.	  	  
	  
Figure	  5.14.	  a)	  Obliquely	  oriented	  faults	  mapped	  in	  a	  zone	  ahead	  of	  NNE-­‐SSW	  striking	  rift-­‐fault	  segments:	  
faults	  A,	  B	  and	  C.	  Dashed	  inset	  boxes	  highlight	  locations	  for	  (b)	  and	  (c).	  Coloured	  arrows	  indicate	  fault	  dip	  
directions.	  b)	  Extent	  of	  the	  primary	  region	  of	  deformation	  between	  faults	  A	  and	  B.	  c)	  Extent	  of	  deforming	  
region	  between	  faults	  B	  and	  C-­‐C’.	  Views	  indicate	  field	  of	  view	  for	  photos	  that	  are	  shown	  in	  Figure	  5.15.	  
	   	   Chapter	  5	  
	   	   	  196	  
Within	   the	  AOI	   (Figure	   5.14a)	   are	   three	   continuous,	   rift-­‐parallel	   normal	   faults:	   fault	  A,	   fault	   B	  
and	   fault	   C.	   They	   do	   not	   form	   isolated,	   straight	   traces,	   but	   typically	   display	   curved	   trace	  
pathways,	   away	   from	   the	   tips	   of	   NNE-­‐SSW	   striking	   normal	   faults	   (Figure	   5.14a).	   Throws	   are	  
spatially	  variable	  along	  these	  faults	  (throws	  of	  3-­‐20	  m:	  Figure	  5.13a)	  and	  they	  commonly	  show	  
strongly	  asymmetrical	  displacement	  gradients	  towards	  their	  lateral	  tips.	  Horizontal	  openings	  are	  
3-­‐4	  m,	  and	  are	  also	  filled	  with	  rubble	  as	  continuous	  examples.	  	  
Fault	  A:	  The	  composite	  trace	  length	  is	  ~	  1.5	  km	  (Figure	  5.5),	  and	  appears	  to	  be	  comprised	  of	  at	  
least	  4	   linked	   fault	   segments.	  Maximum	  throws	  of	  15	  m	  are	   located	   towards	   the	  southern	   tip	  
(Figure	  5.15a).	  
Fault	  B:	  This	  fault	  has	  a	  composite	  trace	   length	  of	  ~1.4	  km,	  comprising	  approximately	  5	   linked	  
segments	  (Figure	  5.5).	  Faults	  A	  and	  B	  are	  separated	  by	  approximately	  100	  m	  (measured	  parallel	  
to	  dip)	  and	  underlap	  along	  strike	  by	  ~400	  m.	  Maximum	  estimated	  throws	  are	  ~30	  m	  for	  this	  fault	  	  
(Figure	   5.14bi).	   The	   greatest	   throw	   is	   located	   towards	   the	   northern	   tip	   of	   the	   fault	   where	   it	  
decreases	   to	   zero	   over	   a	   distance	   of	   ~180	   m	   across	   a	   NW-­‐SE	   striking	   normal	   fault	   segment	  
(Figure	  5.15b,	  c).	  
Fault	   C:	   This	   fault	   has	   a	   total	   length	   of	   ~1.4	   km	   and	   comprises	   4-­‐5	   individual,	   linked	   fault	  
segments.	   The	   southern	   0.5	   km	   of	   this	   fault	   follows	   a	   NE-­‐SW	   strike	   towards	   the	   relay	   zone	  
between	  faults	  A	  and	  B	  (Figure	  5.5).	  Fault	  C	  shows	  vertical	  displacements	  of	  up	  to	  3	  m	  and	  much	  
of	  this	  displacement	  is	  found	  along	  the	  NE-­‐SW	  striking	  segment,	  proximally	  to	  the	  tips	  of	  faults	  A	  
and	  B	  (Figure	  5.15d,	  e).	  	  
	  
The	   volume	   surrounding	   the	   terminations	   of	   faults	   A,	   B	   and	   C	   is	   a	   deformed	   zone	   containing	  
WNW-­‐ESE	   (rift-­‐normal)	   striking	   extension	   fractures	   and	   a	   set	   of	   NW-­‐SE	   striking	   extensional-­‐
shear	   fractures	   and	   normal	   faults.	  WNW-­‐ESE	   striking	   extension	   fractures	   occur	   in	   the	   volume	  
ahead	  of	   faults	  A	   and	  B.	   Three	  prominent	  NW-­‐SE	  oriented	  normal	   faults,	   A’,	   B’	   and	  C’,	   and	   a	  
series	  of	  extension	  fractures	  that	  also	  show	  strike-­‐slip	  displacement	  components,	  show	  a	  close	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spatial	   relationship	   to	   the	   tips	   of	   the	   bounding	   faults.	   Based	   on	   the	   configuration	   of	   the	  
bounding	  faults,	  and	  this	  internal	  deformation,	  transfer	  of	  extensional	  strain	  is	  interpreted	  to	  be	  
taking	  place	  and	  the	  volume	  is	  referred	  to	  as	  a	  relay	  zone.	  
	  
Figure	  5.15.	  Views	  of	  faults	  developing	  in	  the	  relay	  zone(s)	  highlighted	  in	  Figure	  5.14a.	  a)	  	  View	  NNE	  from	  
the	  footwall	  of	  fault	  segment	  A’	  highlighting	  the	  curve	  of	  rift-­‐parallel	  fault	  A	  into	  the	  relay	  zone.	  Fault	  A	  
shows	  maximum	  vertical	  displacements	  of	  up	  to	  ~15	  m.	  b)	  View	  south	  along	  rift-­‐parallel	  fault	  B,	  showing	  a	  
maximum	  vertical	  displacement	  of	  up	  to	  30	  m.	  c)	  View	  NNE	  from	  the	  footwall	  of	  fault	  C’	  overlooking	  the	  
tip	  of	  fault	  C,	  which	  shows	  a	  maximum	  vertical	  displacement	  of	  3-­‐4	  m	  that	  decreases	  oto	  zero	  over	  a	  short	  
distance	  seen	  in	  the	  image.	  d)	  View	  NNE	  across	  the	  relay	  zone	  from	  the	  footwall	  (and	  tip)	  of	  fault	  B,	  which	  
begins	  to	  curve	  towards	  the	  NW	  (becoming	  fault	  segment	  B’).	  To	  the	  north	  are	  rift-­‐parallel	  faults	  A	  and	  C	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and	   linking	   fault	   B-­‐C.	   e)	   View	   WNW	   across	   the	   relay	   zone	   between	   fault	   B’	   and	   C’	   highlighting	   the	  
abandoned	   tip	   of	   C’	   and	   rotation	   of	   the	   volume	   between	   B’	   and	   C’.	   Fault	   C’	   shows	   a	   maximum	  
displacement	  of	  ~15	  m.	  
Fault	   A’:	   This	   fault	   segment	   forms	   the	   southernmost	   ~100	  m	   of	   fault	   A.	   It	   has	   a	  maximum	  
throw	  of	  ~5	  m	  and	   follows	  a	  NW-­‐SE	   trajectory	   rather	   than	   the	  NE-­‐SW	  orientation	  of	   fault	  A	  
(Figure	  5.15a).	  	  
Faults	  B’	  and	  C’:	  These	  faults	  are	  both	  150-­‐200	  m	  long	  and	  have	  displacements	  of	  up	  to	  ~20-­‐30	  
m.	   Fault	   B’	   is	   the	   northernmost	   segment	   of	   fault	   B	   and	   follows	   a	   NW-­‐SE	   trajectory	   in	   the	  
vicinity	  of	   fault	  A.	   Fault	  C’	   also	   follows	   the	   same	  NW-­‐SE	   trend	  but	  appears	   to	  be	  a	   separate	  
segment,	  developing	  ahead	  of	  the	  tip	  of	  fault	  C.	  
With	  the	  growth	  of	  faults	  B’	  and	  C’,	  an	  additional	  zone	  of	  dense	  fracturing,	  horizontal	  
axis	  rotation	  (to	  the	  south)	  and	  inferred	  displacement	  transfer,	  has	  developed	  between	  them	  
(Figure	  5.16c,	  e).	  This	  second	  relay	  zone	  is	  ~100	  m	  wide	  and	  bound	  by	  faults	  B’	  and	  C’,	  which	  
have	  an	  overlap	  of	  ~220	  m	  (Figure	  5.14bii).	  Internal	  to	  this	  second	  relay	  zone	  are	  a	  set	  of	  NNE-­‐
SSW	  (rift-­‐parallel)	  striking	  extension	  fractures	  and	  a	  normal	  fault	  that	  show	  apertures	  of	  2-­‐3	  m	  
and	  throw	  of	  ~2	  m	  and	  (fault	  B-­‐C:	  Figure	  5.15e).	  	  
	  
The	  terminations	  of	  faults	  A	  and	  B	  at	  the	  map	  scale	  appear	  to	  comprise	  single,	  broadly	  straight	  
segments	  (Figure	  5.16a).	  Field	  mapping	  of	  these	  faults	  reveals	  a	  more	  complex	  configuration,	  
with	  the	  fault	  bends	  composed	  of	  a	  series	  of	  smaller	  co-­‐linear,	  or	  overlapping	  curved	  segments	  
that	  show	  a	  progressive	  rotation	  in	  their	  strike	  orientation	  around	  the	  bend	  into	  the	  relay	  zone	  
(Figure	  5.16,	  i-­‐iii).	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Figure	  5.16.	  a)	  Mapped	   faults	  (and	  extension	  fractures)	  in	  the	  AOI	  and	  viewpoints	  of	  curving	  portions	  of	  
normal	  fault	  scarps.	  Faults	  appear	  to	  comprise	  single	  segments	  that	  show	  gently	  curving	  geometries	  into	  
the	  relay	  zone.	  At	  the	  tens	  of	  metre	  scale,	  the	  segments	  are	  composed	  of	  multiple,	  kinematically	  coherent	  
fault	  segments	  that	  overlap	  one	  another	  and	  show	  gradual	  rotations	  in	  their	  strike	  dimension	  (b-­‐d).	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Figure	   5.17.	   A	   minor	   graben	   is	  
identified	   along	   the	   eastern	   set	   of	  
normal	   faults	   that	   bound	   the	  
Gjastykki	   graben.	   Observations	   that	  
were	   made	   here	   are	   highlighted	   in	  
Figure	  5.19.	  Major	  faults	  investigated	  
are	  also	  highlighted.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
In	  addition	  to	  the	  main	  Gjastykki	  rift	  graben,	   fault	  mapping	  has	  also	  revealed	  a	  second	  graben	  
along	  the	  main	  eastern	  bounding	  fault	  (Figure	  5.17,	  inset	  box).	  The	  graben	  follows	  the	  NNE-­‐SSW	  
main	  rift-­‐fault	  trend	  for	  a	  distance	  of	  approximately	  3	  km	  and	  shows	  a	  near	  constant	  width	  of	  
~50m	  for	  much	  of	  its	  length.	  Deformation	  within	  it	  is	  dominantly	  localised	  on	  the	  eastern	  (west	  
dipping)	   bounding	   fault,	   which	   also	   bounds	   the	   main	   Gjastykki	   valley	   graben	   and	   comprises	  
continuous	  fault	  segments	  with	  maximum	  throws	  of	  20-­‐30	  m	  (Figure	  5.18a	  and	  b).	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Figure	  5.18.	  A	  NNE-­‐SSW	  striking	  minor	  graben	  ~3	  km	  long	  and	  up	  to	  50	  m	  wide	  along	  the	  eastern	  margin	  
of	   the	  Gjastykki	   valley	   (see	   inset	   box	   in	   5.17	   for	   location	   and	   extent).	   East	   and	  west	   dipping	   bounding	  
faults	  show	  throws	  of	  5-­‐30	  m.	  The	  floor	  of	  the	  graben	  is	  disrupted	  in	  numerous	  places	  by	  internal	  east	  and	  
west-­‐dipping	  faults,	  extension	  fractures	  and	  flexure.	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The	  eastern	   (west-­‐dipping)	   bounding	   fault	   comprises	   segments	  between	  0.2-­‐0.5	   km	   long	  with	  
maximum	   throws	   of	   ~7	   m	   (Figure	   5.18a).	   Approximately	   40%	   of	   the	   inferred	   fault	   trace	   is	  
composed	   of	   surface-­‐breaking	   fault	   segments;	   the	   other	   60%	   features	   flexure	   of	   the	   ground	  
surface	  where	  the	  amplitude	  of	  the	  flexure	  typically	  matches	  the	  amount	  of	  throw	  on	  adjacent	  
fault	   segments.	   Internal	   to	   the	   graben	   are	   a	   series	   of	   segmented,	   subsurface	   (manifest	   as	  
monoclinal	   surface	   flexures)	   and	   surface-­‐breaking	   normal	   faults,	   synthetic	   to	   the	   eastern	  
bounding	   fault	   (Figure	   5.18a	   and	   b).	   These	   internal	   faults	   and	   flexures	   are	   typically	   <200	   m	  
longand,	  show	  maximum	  throws	  or	  heights	  of	  ~3	  m.	  Such	  fault	  patterns	  have	  been	  recorded	  in	  
Iceland	  in	  previous	  studies	  and	  have	  been	  attributed	  to	  dike	  emplacement	  at	  depth	  (e.g.	  Tentler,	  
2005).	  
	  
5.4.2.1. Fault	  Kinematics	  and	  Segmentation	  
Continuous	   sub-­‐vertical	   normal	   faults	   in	   the	  Gjastykki	   valley	  most	   commonly	   follow	   the	  NNE-­‐
SSW	  rift	  trend,	  and	  accommodate	  a	  rift-­‐normal	  (WNW-­‐ESE)	  extension	  (red	  set;	  Figure	  5.19a,	  b).	  
Discontinuous	  NW-­‐SE	  striking	  faults,	  with	  orientations	  oblique	  to	  the	  main	  rift	  trend,	  have	  been	  
mapped	  in	  a	  zone	  of	  complex	  deformation	  surrounding	  the	  terminations	  of	  rift-­‐parallel	  normal	  
faults	  and	  show	  normal-­‐sense	  displacements	  across	  fault	  scarps	  that	  dip	  towards	  the	  NE	  (Figure	  
5.19b).	  The	  walls	  of	  extension	  fractures	  in	  the	  same	  trend	  show	  left-­‐	  and	  right-­‐lateral	  strike-­‐slip	  
components	   of	   displacement,	   in	   addition	   to	   horizontal	   opening.	   Orientations	   may	   imply	   the	  
formation	  of	   conjugate	   fracture	   sets	   (Figure	   5.20a).	   Lateral	   slip	   has	   not	   been	  observed	   across	  
fault	   segments	   B’,	   A’,	   and	   C’	   due	   to	   their	   open	   nature	   when	   they	   reach	   the	   surface	   (i.e.	   no	  
slickenlines)	  and	  the	  degree	  of	  wall	  collapse	  that	  has	  taken	  place.	  They	  are	  therefore	  interpreted	  
to	  be	  normal	  faults	  but	  dip-­‐oblique	  kinematics	  on	  these	  structures	  cannot	  be	  ruled	  out.	  	  
	   	   Chapter	  5	  
	   	   	  203	  
	  
Figure	   5.19.	   a)	  Mapped	   fractures	   and	   faults	  
in	   the	   study	   area,	   colour-­‐coded	   based	   on	  
orientation	   and	   opening	   mode:	   (1)	   rift-­‐
parallel	   normal	   faults	   (solid	   red	   polylines)	  
and	  mode-­‐I	  fractures	  (dashed	  red	  polylines);	  
(2)	   rift-­‐oblique	   extensional-­‐shear	   (mixed-­‐
mode)	   fractures	   (dashed	   green	   polylines)	  
and	  normal	  faults	  (solid	  green	  polylines);	  and	  
(3)	   rift-­‐normal	   extension	   fractures	   (dashed	  
yellow	   polylines).	   Coloured	   arrows	   indicate	  
fault	   dip	   direction	   for	   each	   set.	   b)	   Lower	  
hemisphere	   stereographic	   projections	  
summarise	   fault/fracture	   orientations	   and	  
measured	   extension	   directions	   for	   each	   of	  
the	   three	   structural	   sets.	   Principal	  
compressive	  stress	  axes	  (where	  σ1	  >	  σ2	  >	  σ3)	  
are	   calculated	   using	   Win-­‐Tensor	   (see	  
Delvaux	  and	  Sperner,	  2003).	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The	   combined	   result	   is	   (1)	   rift-­‐normal	   (WNW-­‐ESE)	   extension	   regionally,	   and	   external	   to	   the	  
primary	  relay	  zone;	  (2)	  rift-­‐parallel	  (N-­‐S	  to	  NNE-­‐SSW)	  and	  oblique	  (NE-­‐SW)	  extension	  internal	  to	  
the	   primary	   interpreted	   relay	   zone;	   and	   (3)	   oblique	   (NE-­‐SW)	   and	   rift-­‐normal	   (WNW-­‐ESE)	  
extension	  internal	  to	  the	  second	  interpreted	  relay	  zone	  (Figure	  5.19a,	  b).	  
	  
Figure	   5.20.	   	   (a)	   Summary	   of	  mapped	   faults	   and	   fractures,	   showing	   estimated	   extension	   directions	   for	  
each	  structural	  set.	  Black	  arrows	   indicate	  extension	  directions	  across	  each	  set,	  which	  are	  based	  on	  rose	  
plots	   from	   Figure	   5.8.	   Coloured	   arrows	   indicated	   fault	   dip	   directions	   for	   each	   set.	   b)	   Estimated	   throw	  
profiles	   for	   faults	   in	   the	  AOI.	   Faults	   A’,	   B’	   and	   C’	   are	   labelled	   as	   separate	   segments	   of	   primary	   normal	  
faults	   A,	   B	   and	   C	   because	   their	   formation	   is	   associated	   with	   local	   stress	   effects,	   rather	   than	   regional	  
tectonics	  and	  because	  extension	  directions	  are	  different	  to	  the	  primary	  faults.	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Fault	  A:	  This	  normal	  fault	  trends	  NNE-­‐SSW	  and	  accommodates	  WNW-­‐ESE	  (rift-­‐normal)	  extension	  
(Figure	   5.19a	   and	   b).	   Estimates	   of	   throw	   along	   the	   scarp	   of	   fault	   A	   shows	   an	   asymmetrical	  
displacement	  profile,	  with	  a	  maximum	  of	  ~15	  m	  located	  at	  the	  southern	  termination	  where	  the	  
trace	   curves	   into	   the	   orientation	   of	   normal	   fault	   A’	   (Figure	   5.20a,	   b)	   and	   the	   displacement	  
decreases	  steeply	  where	  this	  takes	  place.	  	  
Fault	  B:	  This	  normal	  fault	  trends	  NNE-­‐SSW	  and	  accommodates	  WNW-­‐ESE	  (rift-­‐normal)	  extension	  
(Figure	   5.19a,	   b).	   Estimates	   of	   scarp	   height	   along	   fault	   B	   also	   shows	   an	   asymmetrical	  
displacement	  profile,	  with	  a	  maximum	  of	  ~25-­‐30	  m	  located	  at	  the	  northern	  termination	  where	  
the	  trace	  curves	  into	  the	  orientation	  of	  fault	  B’	  (Figure	  5.20a,	  b).	  
Fault	  C:	  The	  southernmost	  0.5	  km	  of	  this	  normal	  fault	  trends	  NE-­‐SW	  and	  accommodates	  NW-­‐SE	  
extension.	  The	  remaining	  1	  km	  of	  the	  total	  fault	  trace	  trends	  NNE-­‐SSW,	  accommodating	  WNW-­‐
ESE	   (rift-­‐normal)	  extension	   (Figures	  5.17	  and	  5.19a,	  b).	  Estimates	  of	   scarp	  height	  along	   fault	  C	  
show	  an	  asymmetrical	  displacement	  profile,	  with	  a	  maximum	  throw	  of	  ~3	  m,	  which	  is	  located	  at	  
the	  southern	  termination	  where	  the	  trace	  abuts	  the	  NW-­‐SE	  striking	  fault	  C’	  (Figure	  5.20a,	  b).	  	  
Fault	  B’:	  This	  normal	   fault	  segment	  has	  propagated	   from	  the	  tip	  of	   fault	  B,	   following	  a	  NW-­‐SE	  
trajectory	  and	  accommodating	  NE-­‐SW	  (rift-­‐oblique)	  extension	  (Figure	  5.19	  a	  and	  b).	  Maximum	  
throw	  occurs	  where	  fault	  B	  bends	   into	  the	  orientation	  of	  segment	  B’	   (25-­‐30	  m)	  and	  decreases	  
rapidly	   to	  zero	  at	   the	  NW-­‐tip,	  over	  approximately	  100	  m	  (Figure	  5.20a,	  b).	  The	  result	   is	  a	  high	  
displacement	  gradient	  on	  fault	  B	  into	  the	  relay	  zone.	  
Fault	  A’:	  This	  normal	  fault	  segment	  has	  propagated	  from	  the	  tip	  of	  fault	  A	  and	  follows	  a	  NW-­‐SE	  
trajectory,	   accommodating	   NE-­‐SW	   (rift-­‐oblique)	   extension	   (Figure	   5.19a	   and	   b).	   Throw	  
decreases	   from	   a	   maximum	   of	   ~5	   m,	   at	   the	   tip	   of	   fault	   A,	   to	   zero	   at	   the	   SE-­‐tip	   over	  
approximately	  50	  m	  (Figure	  5.20a,	  b).	  The	  result	  is	  a	  high	  displacement	  gradient	  on	  fault	  A	  into	  
the	  relay	  zone.	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Fault	   C’:	   This	   normal	   fault	   segment	   follows	   a	   NW-­‐SE	   trajectory,	   accommodating	   NE-­‐SW	   (rift-­‐
oblique)	   extension	   (Figure	   5.19a	   and	   b).	   Estimates	   of	   scarp	   height	   along	   this	   fault	   show	   a	  
relatively	  symmetrical	  displacement	  profile,	  with	  a	  maximum	  of	  ~15	  m	  that	  is	   located	  centrally	  
along	  the	  fault	  trace	  and	  decreases	  to	  zero	  towards	  the	  NW	  and	  SE	  terminations	  (Figure	  5.19a,	  
b).	  	  
Fault	   B-­‐C:	   This	   normal	   fault	   has	   developed	   in	   the	   overlap	   zone	   between	   fault	   B’	   and	   C’	   and	  
follows	  a	  NNE-­‐SSW	  trajectory,	  accommodating	  WNW-­‐ESE	   (rift-­‐normal)	  extension	   (Figure	  5.19a	  
and	  b).	  Estimates	  of	  scarp	  height	  along	  this	  fault	  also	  shows	  a	  highly	  asymmetrical	  displacement	  
profile,	  with	  a	  maximum	  of	  ~2	  m	  that	  is	  located	  centrally	  along	  the	  fault	  trace	  and	  decreases	  to	  
zero	   towards	   the	   SSW	   terminations	   but	   remains	   at	   this	   value	   where	   it	   abuts	   fault	   C’	   (Figure	  
5.19a,	  b).	  
	  
5.4.3. Surface	  Flexure	  
Deformation	  in	  the	  Krafla	  fissure	  swarm	  is	  largely	  characterised	  by	  surface-­‐breaking	  faults,	  with	  
very	  few	  examples	  of	  surface	  flexure	  observed.	  Where	  present,	  the	  crests	  of	  the	  flexures	  follow	  
the	   same	  NNE-­‐SSW	   trend	   of	   laterally	   continuous	   rift	   faults	   and	   extension	   fractures	   in	   the	   rift	  
zone.	   The	   flexures	   are	   always	   contiguous	   with	   these	   structural	   features.	   Observed	   surface	  
flexures	   are	   split	   into	   two	   types	   based	   on	   their	   morphology	   and	   spatial	   extent:	   (1)	   laterally	  
continuous	  and	  (2)	  laterally	  discontinuous.	  Laterally	  continuous	  flexures	  are	  rarely	  breached	  by	  
surface-­‐breaking	  faults	  and	  examples	  of	  breached	  laterally	  discontinuous	  flexures	  have	  not	  been	  
observed.	   Zones	   of	   laterally	   continuous	   flexure	   show	   low	   amplitudes	   (<10	   m)	   and	   rounded	  
morphologies	  with	  open	  fractures	  along	  the	  upper	  surface,	  which	  show	  occasional	  breaching	  by	  
normal	   fault	   segments	  with	   typical	   offsets	   of	   0.5-­‐1.0	  m	   across	   open	   fractures	   (Figure	   5.21ai).	  
Where	  flexures	  are	  breached	  early	   in	  their	  development,	  amplitudes	  are	  <2	  m	  and	  extensional	  
strains	  are	  localised	  on	  the	  breaching	  fault	  segment	  (Figure	  5.21ai,	  ii).	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Figure	   5.21.	   	   Examples	   of	   surface	   flexures	   in	   the	   Krafla	   fissure	   swarm:	   a)	   laterally	   continuous	   and	   b)	  
laterally	   discontinuous.	   Continuous	   flexures	   show	   lengths	   of	   several	   hundred	   metres	   and	   variable	  
amplitudes	  that	  commonly	  show	  sections	  that	  are	  partly	  breached	  by	  normal	  fault	  segments	  (ai).	  In	  some	  
instances	  flexures	  are	  breached	  early	  by	  fault	  segments	  leaving	  an	  amplitude	  of	  ~2	  m	  (aii).	  Coupled	  with	  ~	  
6m	  of	  throw	  on	  the	  breaching	  fault	  segment,	  the	  total	  vertical	  displacement	  in	  this	  example	  is	  comparable	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to	  throw	  on	  purely	  surface-­‐breaking	  segments	  of	  co-­‐linear	  faults.	  Image	  also	  shows	  the	  initiation	  of	  new	  
flexure	   in	   the	   hanging	  wall	   ahead	   of	   a	   previously	   breached	   zone	   of	   flexure.	  Discontinuous	   flexures	   are	  
shorter	   in	   length	  (<50	  m)	  with	  amplitudes	  that	  match	  the	  throw	  on	  adjacent	  fault	  segments	  (bi)	  or	  they	  
are	  strongly	  fragmented	  and	  rotated;	  these	  are	  referred	  to	  as	  rotated	  hanging	  wall	  blocks	  (bii).	  	  
In	  some	  instances,	  after	  breaching	  of	  a	  flexure	  has	  taken	  place	  and	  faults	  have	  accrued	  several	  
metres	  of	  throw,	  new	  flexures	  begin	  to	  develop	  in	  the	  hanging	  wall	  (Figure	  5.21aii).	  Zones	  of	  
laterally	  discontinuous	  flexure	  are	  less	  common,	  but	  where	  they	  do	  exist,	  tend	  to	  be	  short	  (<50	  
m	  long)	  and	  associated	  with	  co-­‐linear	  or	  overlapping	  surface-­‐breaking	  normal	  fault	  segments	  
(Figure	   5.21bi).	   These	   discontinuous	   flexures	   show	   heavily	   fractured	   or	   disintegrated	  
morphologies	  that	  demonstrate	  rotations	  of	  up	  to	  90°	  in	  some	  places	  (Figure	  5.21bii).	  	  
Surface	  flexures	  of	  either	  type	  are	  relatively	  rare	  in	  the	  Krafla	  fissure	  swarm	  and	  do	  not	  
represent	   characteristic	   features	  of	  all	   faults,	   as	  predicted	   in	  existing	  models.	  They	  are	  most	  
commonly	   identified	   in	   the	   narrow	   graben	   that	   is	   highlighted	   in	   Figure	   5.17,	   where	   they	  
comprise	  >60%	  of	  some	  inferred	  fault	  traces.	  	  	  
	  
5.5. Discussion	  
Crustal	   extension	   is	   known	   to	   take	   place	   through	   the	   heterogeneous	   distribution	   of	   normal	  
faults	   in	   a	   range	   of	   extensional	   settings	   (e.g.,	   Nelson,	   1992;	   Trudgill	   and	   Cartwright,	   1994;	  
Gawthorpe	   et	   al.,	   1997;	   Cowie,	   1998;	   Faulds	   and	  Varga,	   1998;	   Peacock,	   2002).	   The	   preceding	  
chapters	  have	  shown	  that	  intrinsic	  segmentation	  in	  basaltic	  sequences	  is	  influenced	  by	  different	  
controls	   depending	   on	   the	   scale	   of	   observation.	   	   A	   sub-­‐layer	   (mm-­‐m	   scale)	   segmentation	   is	  
controlled	  by:	   (1)	   the	  mechanical	  controls	   imposed	  by	   the	  variable	  physical	   (e.g.	  porosity)	  and	  
elastic	   (e.g.	   Young’s	  modulus)	   properties	   of	   the	  deforming	   sequence;	   and	   (2)	   the	  distribution,	  
orientation,	  continuity	  and	  geometry	  of	  cooling	  joint	  networks.	  Segmentation	  beyond	  this	  scale	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in	  the	  Koa’e	  fault	  system	  appears	  to	  be	  related	  to	  variations	  in	  locally	  applied	  stresses	  associated	  
with	   magma	   emplacement	   within	   the	   shallow	   crust	   of	   the	   rift	   zone	   (see	   Chapter	   4).	   The	  
temporal	   and	   spatial	   distribution	   (as	   well	   as	  magnitude)	   of	  magma	   supply	   and	   emplacement	  
defines	   a	   second,	   magma-­‐driven	   segmentation	   that	   operates	   at	   the	   hundreds	   of	   metre-­‐
kilometre	   scale.	   This	   scale	   is	   more	   pronounced	   in	   the	   Krafla	   fissure	   swarm	   where	   there	   is	   a	  
dominance	  of	  surface-­‐breaking	  normal	  faults	  with	  throws	  >20	  m.	  
	  
5.5.1. Segmentation	  and	  Interaction	  in	  the	  Krafla	  Fissure	  Swarm	  
Two	   fracture	   categories	   are	   identified	   in	   the	   Krafla	   fissure	   swarm,	   based	   on	   the	   shape	   of	  
displacement	  profiles	  and	  fracture	  propagation	  pathways:	  (1)	  interacting,	  en-­‐echelon	  (apertures	  
<	   1.5	   m);	   and	   (2)	   linked,	   composite	   fractures	   (commonly	   breached)	   with	   apertures	   >	   1.5	   m.	  
There	   are	   relatively	   few	   examples	   of	   isolated,	   non-­‐interacting	   fractures,	   implying	   that	   the	  
population	   is	   experiencing	   a	   stage	   of	   linkage	   and	   localisation	   rather	   than	   formation	   of	   new	  
structures.	   The	   greatest	   extension	   (fracture	   aperture,	   or	   fault	   throw)	   in	   the	   rift	   zone	   is	  
accommodated	   by	   rift-­‐parallel	   (NNE-­‐SSW	   striking)	   extension	   fractures	   and	   normal	   faults	   that	  
demonstrate	  a	  WNW-­‐ESE	  extension	  direction.	  Within	  the	  relay	  zones	  described	  in	  the	  AOI,	  the	  
greatest	  extension	  is	  taken	  up	  on	  NW-­‐SE	  striking	  normal	  faults	  and	  extensional-­‐shear	  fractures	  
producing	   a	   NE-­‐SW	   extension	   direction	   (Figures	   5.19b	   and	   5.20a).	   Evidence	   for	   extension	  
fracture	  or	  normal	  fault	  interaction	  is	  interpreted	  using	  the	  geometry	  of	  observed	  fracture	  and	  
fault	  traces,	  the	  asymmetrical	  geometry	  of	  displacement	  profiles	  and	  their	  distributions.	  
	  
5.5.1.1. Evidence	  for	  Segmentation	  and	  Interaction:	  Path	  Geometry	  
Examination	  of	  the	  geometry	  of	  fracture	  propagation	  pathways	  at	  the	  metre-­‐	  to	  tens	  of	  metre-­‐
scale	   provides	   a	   first	   order	   interpretation	   of	   the	   in-­‐situ	   stresses	   responsible	   for	   fracture	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development	  in	  the	  Krafla	  fissure	  swarm.	  In	  Chapter	  4,	  extension	  fracture	  propagation	  pathways	  
are	  shown	  to	  reflect	  the	  relative	  contributions	  of	   local	   (induced)	  vs.	   regional	   (applied)	  stresses	  
during	  their	  evolution.	  Propagating	  fracture	  tips	  follow	  modified	  trajectories	  as	  controlled	  by	  the	  
local	  redistribution	  of	  stress	  surrounding	  en	  echelon	  fracture	  tips,	  resulting	  in	  the	  characteristic	  
hook-­‐shaped	  fracture	  geometry	  (e.g.,	  Gudmundsson	  et	  al.,	  1993;	  Acocella	  et	  al.,	  2000).	  
Mapped	  fractures	  at	  the	  m-­‐scale	  and	  faults	  at	  the	  km-­‐scale	  in	  the	  Krafla	  fissure	  swarm	  
show	  dominantly	   straight	  or	  gently	   sinuous	  propagation	  pathways.	   Instances	  of	   convergent	  or	  
divergent	   pathways	   and	   asymmetrical	   displacement	   gradients	   have	   been	   observed;	   these	   are	  
associated	  with	  areas	  of	   en	  echelon	  normal	   faults.	   In	   the	  AOI,	   fault	   segments	   show	  a	  marked	  
departure	  from	  the	  main	  NNE-­‐SSW	  rift	  trend	  to	  a	  NW-­‐SE	  orientation	  towards	  their	  tips	  with	  the	  
introduction	   of	   obliquely	   oriented	   (NW-­‐SE)	   normal	   fault	   and	   extensional-­‐shear	   fracture	  
segments	  and	  WNW-­‐ESE	  oriented	  extension	  fractures	  (Figure	  5.19,	  Figure	  5.22).	  
	  
Figure	  5.22.	  	  Oblique	  aerial	  view	  of	  the	  
AOI	  in	  the	  Gjastykki	  valley	  (a)	  with	  fault	  
and	  fracture	  sets	  highlighted	  (b)	  (aerial	  
image	   taken	   from	   Opheim	   and	  
Gudmundsson,	  1989).	  Coloured	  arrows	  
indicate	  fault	  dip	  directions.	  
	  
	  
	  
	  
	  
	  
	   	   Chapter	  5	  
	   	   	  211	  
The	   orientation	   and	   kinematics	   of	   the	   deformation	   in	   this	   zone	   is	   consistent	   with	   existing	  
interpretations	  of	  the	  distribution	  of	  fractures,	  and	  their	  associated	  geometries	  and	  kinematics	  
based	   on	   analytical	   solutions	   of	   interacting	   cracks.	   Local	   perturbations	   of	   the	   remote	   stress	  
(Figure	  5.23)	  and	  variations	  in	  the	  ratio	  of	  mode-­‐I	  and	  mode-­‐II	  stress	  intensity	  factors	  (KI	  and	  KII	  
respectively)	   occur	   as	   a	   result	   of	   the	  mechanical	   interference	  of	   neighbouring	   crack	   tip	   stress	  
fields	  (Pollard	  et	  al.,	  1982;	  Pollard	  and	  Aydin,	  1984;	  Olson	  and	  Pollard,	  1989;	  Engelder,	  1993).	  	  	  
	  
Figure	  5.23.	   	  Distribution	  of	  maximum	  shear	  stresses	  in	  the	  relay	  zone	  between	  propagating	  en	  echelon	  
normal	  faults.	  As	  the	  overlap	  reduces	  to	  zero,	  shear	  stress	  contours	  within	  the	  relay	  rotate	  through	  ~90o	  
from	  the	  bounding	  fault	  structures	  (from	  Crider	  and	  Pollard,	  1998).	  
For	  a	  single	  fracture	  experiencing	  zero	  shear	  stress,	  the	  KII	  stress	  intensity	  factor	  is	  also	  zero	  and	  
the	   fracture	  will	   follow	   a	   straight	   propagation	   pathway.	   As	   a	   consequence	   of	   the	   progressive	  
mechanical	  interference	  of	  the	  opposing	  stress	  fields	  of	  en	  echelon	  cracks,	  Coulomb	  shear	  stress	  
within	  the	  overlap	  zone	  will	  increase	  (Figure	  5.23a,	  b	  and	  c)	  and	  fractures	  will	  develop	  under	  a	  
combination	   of	   induced	   mode	   I/II	   loading.	   When	   the	   stress	   intensity	   factor	   at	   a	   fracture	   tip	  
exceeds	   the	   fracture	   toughness	   of	   the	   host	   material,	   multiple	   sets	   of	   extensional	   and	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extensional-­‐shear	   ancillary	   faults	   and	   fractures	  develop	   to	   accommodate	   the	   locally	   increased	  
strains	   in	   this	   region	  (Segall	  and	  Pollard,	  1980;	  Renshaw	  and	  Pollard,	  1994;	  Crider	  and	  Pollard,	  
1998).	   Predictions	   are	   consistent	   with	   the	   curved,	   “hook-­‐shaped”	   propagation	   pathways	   of	  
faults	  A,	  B	  and	  C’,	  which	  are	  inferred	  to	  be	  responsible	  for	  transfer	  of	  extensional	  strain	   in	  the	  
relay	   zone.	   Similar	   patterns	   of	   deformation	   have	   been	   described	   for	   fissure	   swarms	   across	  
Iceland	   (e.g.	   Gudmundsson,	   1992;	   Acocella	   et	   al.,	   2000;	   Grant	   and	   Kattenhorn,	   2004;	  
Hjartardöttir,	  2010;	  Hjartardöttir	  and	  Einarsson,	  2012).	  Two	  types	  of	  fracture	  linkage	  have	  been	  
identified	   in	   the	  Vogar	  and	  Thingvellir	   fissure	  swarms	   in	  southern	   Iceland:	   (1)	  non-­‐overlapping	  
(between	   co-­‐linear	   fractures),	   and	   (2)	   overlapping	   en	   echelon	   fractures	   that	   display	   curved	  
fracture	   pathways	   (Acocella	   et	   al.,	   2000;	   Villemin	   and	   Bergerat,	   2013).	   	   Remote	   and	   field	  
mapping	   of	   fractures	   in	   these	   areas	   recognise	   similar	   strain	   distributions:	   dominant	   NE-­‐SW	  
fracture	  sets	  that	  are	  parallel	  to	  the	  trend	  of	  normal	  faults	  across	  the	  region,	  with	  oblique	  and	  
sub-­‐parallel	   fractures	   forming	   subordinate	   sets	   (Bergerat	   et	   al.,	   1999;	   Villemin	   and	   Bergerat,	  
2013).	  Where	   kinematic	   measurements	   of	   individual	   fractures	   have	   been	   collected,	   fractures	  
demonstrate	  purely	  extensional	  openings	  on	   straight	   fractures	   that	   strike	  parallel	   to	   the	  main	  
(NE-­‐SW)	   seismogenic	   faults,	   and	   locally	   reoriented	   extension	   directions	   and	   strike-­‐slip	  
components	  occur	  on	  curved	  portions	  of	  overlapping	  fractures	  (Acocella	  et	  al.,	  2000).	  
	  
5.5.1.2. Evidence	  for	  Segmentation	  and	  Interaction:	  D-­‐L	  Profiles.	  
Profiles	   for	   many	   of	   the	   mapped	   extension	   fractures	   show	   centrally	   located	   displacement	  
maxima	  with	   some	   undulations	   in	   their	   profile	   (i.e.	   they	   are	   not	   smooth	   bell-­‐shaped	   curves).	  
Total	  displacement	  profiles	  and	  extension	  fracture	  path	  geometries	  are	  consistent	  with	  that	  of	  a	  
series	  of	   initially	   segmented	   fractures	   that	  have	  evolved	   into	   composite	   fractures	   through	   the	  
process	   of	   interaction	   and	   linkage.	   The	   traces	   of	   surface-­‐breaking	   normal	   faults	   show	   gentle	  
sinuosity	  with	  minor	  deviations	  from	  the	  regional	  NNE-­‐SSW	  rift	  trend	  (at	  the	  total	  length	  scale),	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and	  maximum	  throws	  that	  are	  most	  typically	  located	  centrally	  along	  the	  fault	  traces.	  This	  is	  not	  
the	  case	  in	  the	  AOI,	  where	  interaction	  of	  fault	  segments	  is	  interpreted	  to	  be	  taking	  place	  based	  
on:	  (1)	  the	  asymmetry	  of	  throw	  profiles;	  (2)	  the	  curved	  trajectories	  that	  the	  main	  fault	  segments	  
follow;	   and	   (3)	   the	   distribution	   of	  minor,	   obliquely	   oriented	   deformation	   at	   their	   lateral	   tips.	  
Displacement	  profiles	  for	  the	  primary	  rift	  faults	  in	  the	  AOI	  show	  displacement	  maxima	  that	  are	  
located	  at	  towards	  their	  terminations,	  where	  they	  curve	  into	  the	  relay	  zone.	  Here,	  throws	  of	  up	  
to	  25	  m	  decrease	   to	  zero	  across	  a	  short	  distance.	  Findings	  are	  consistent	  with	   the	  high	  elastic	  
strains	  and	  restricted	  propagation	  associated	  with	  models	  of	  displacement	  transfer	  (e.g.	  Childs	  
et	  al.,	  1995;	  Hus	  et	  al.,	  2006).	  	  
	  
5.5.2. Lateral	  Fault	  Propagation	  
The	  distributions,	  kinematics	  and	  geometries	  of	  fault	  and	  fracture	  sets	  in	  the	  overlap	  zone	  in	  the	  
AOI	  are	  consistent	  with	  existing	  analogue	  models	  of	  en	  echelon	  fractures	  (e.g.	  Figure	  5.24	  ai,	  aii:	  
Tentler	   and	   Acocella,	   2010);	   such	   models	   are	   used	   here	   to	   aid	   the	   interpretation	   of	   an	  
incremental	  evolution	  for	  the	  relay	  zone	  in	  the	  AOI.	  Structural	  mapping	  of	  fault	  sets	  has	  revealed	  
the	   following	   normal	   fault	   sets	   that	   are	   associated	   with	   the	   tip	   regions	   of	   NNE-­‐SSW	   striking	  
normal	  faults	  (Figure	  5.24,	  b	  and	  ci):	  (1)	  ESE-­‐WNW	  striking	  extension	  fractures,	  accommodating	  
a	  rift-­‐parallel	  (N-­‐S	  to	  NNE-­‐SSW)	  extension	  (Figure	  5.24,	  b	  (yellow	  set)	  and	  cii)	  (2)	  NW-­‐SE	  striking	  
normal	  faults	  and	  oblique-­‐extensional	  fractures,	  accommodating	  NE-­‐SW	  extension	  (Figure	  5.24,	  
b	   (green	   set),	   ciii),	   and	   (3)	   NNE-­‐SSW	   striking	   normal	   faults	   and	   extension	   fractures,	  
accommodating	   the	   regional	   ESE-­‐WNW	   extension.	   There	   are	   no	   examples	   of	   rift-­‐parallel	  
extension	  on	  rift-­‐normal	  strike-­‐slip	  (transfer	  zone)	  faults	  within	  the	  AOI;	  each	  normal	  fault	  and	  
extension	   fracture	   set	   accommodates	   a	   unique	   extension	   direction,	   consistent	   with	   a	  
progressive	  clockwise	  vertical	  axis	  rotation	  in	  extension	  direction,	  resulting	  in	  local	  and	  regional	  
extension	  taking	  place	  simultaneously	  with	  continued	  extension	  on	  the	  bounding	  faults	  (Figure	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5.24,	   c,iv).	   On	   the	   basis	   that	   obliquely	   oriented	   structures	   are	   spatially	   limited	   to	   relay	   zones	  
between	  en	  echelon	  rift	  faults,	  it	  is	  inferred	  that	  progressive	  interaction	  is	  responsible	  for	  their	  
development,	  and	  the	  following	  evolution	  is	  proposed:	  
	  
Stage	  I:	  Initiation	  of	  segmented	  NNE-­‐SSW	  striking	  normal	  faults	  (fault	  A	  and	  B),	  with	  networks	  of	  
extension	   fractures	   developing	   in	   their	   footwalls.	   Normal	   faults	   and	   extension	   fractures	  
accommodate	  the	  regional	  WNW-­‐ESE	  extension	  direction	  (Figure	  5.24b:	  red	  set;	  ci,	  di).	  	  
Stage	   II:	   Continued	   lateral	   propagation	   and	   initial	   mechanical	   interaction	   of	   the	   stress	   fields	  
surrounding	  the	  tips	  of	  en	  echelon	  fault	  segments	  A	  and	  B	  results	  in	  perturbed	  stresses	  and	  the	  
development	  of	  a	   relay	  zone.	  Based	  on	  analogue	  models	  of	  en	  echelon	  extensional	   faults,	   the	  
configuration	  of	  left-­‐stepping	  en	  echelon	  faults	  A	  and	  B	  is	  predicted	  to	  result	  in	  minor	  clockwise	  
vertical	   axis	   block	   rotation	   (Tentler	   and	  Acocella,	   2010).	   Continued	   propagation	   of	   faults	   A,	   B	  
and	  C	  along	  modified	  trajectories	  produces	  obliquely	  oriented	  segments	  A’,	  B’	  and	  C’.	  
Stage	   III:	   With	   continued	   extension,	   oblique	   and	   rift-­‐normal	   normal	   faults	   and	   extension	  
fractures	   develop	  within	   the	   relay	   zone	   (Figure	   5.24b:	   cii,	   ciii,	   dii).	   There	   is	   little	   evidence	   for	  
horizontal-­‐axis	   rotation	   in	   this	   relay	   zone;	   this	  may	  be	  because	   the	  volume	   is	   so	  deformed,	  or	  
because	   inelastic	  break	  down	   took	  place	   relatively	   rapidly.	   The	   relative	   timing	  of	   these	   sets	   is	  
unknown:	  development	  of	  rift-­‐normal	  extension	  fractures	  followed	  by	  partial	  tip	  propagation	  of	  
faults	  A/A’	  and	  B/B’	  along	  modified	  trajectories,	  and	  growth	  of	  fault	  C,	  or	  vice	  versa.	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Figure	   5.24.	   	   a)	  Modelled	   strain	   fields	   surround	   two	   interacting	   fractures	   (darker	   grey	   is	   higher	   strain	  
intensity)	   based	   on	   the	   analogue	  models	   of	   Tentler	   and	   Acocella	   (2010)	   showing	   a	   (i)	   left-­‐stepping	   en	  
echelon	   fracture	   configuration,	   resulting	   in	   a	   clockwise	   vertical	   axis	   rotation	   and	   (ii)	   a	   right-­‐stepping	  
fracture	  configuration	  that	  produces	  a	  counter-­‐clockwise	  vertical	  axis	  rotation	  (ii).	  b)	  Mapped	  faults	  (solid	  
polylines)	   and	   extension	   fractures	   (dotted	   polylines)	   in	   the	   AOI	   in	   the	   Krafla	   fissure	   swarm.	   Coloured	  
arrows	   indicate	   fault	  dip	  directions.	   c)	   Individual	   stereographic	  projections	   for	  each	   structural	   set	   (ci-­‐iii)	  
and	  a	  combined	  stereographic	  projection	  summarizes	  the	  clockwise	  rotation	  in	  extension	  direction	  from	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the	   regional	   ESE-­‐WNW,	   to	   NNE-­‐SSW,	   to	   WSW-­‐ENE	   before	   the	   breaching	   of	   the	   relay	   zone	   (civ).	   d)	  
Proposed	  evolution	  of	  fault	  sets:	  (i)	  Propagation	  of	  the	  main	  normal-­‐fault	  set;	  (ii)	  Interaction	  between	  the	  
main	   left-­‐stepping	   normal	   faults	   leads	   to	   clockwise	   vertical	   axis	   block	   rotation	   in	   the	   relay	   zone,	   and	  
induced	  local	  reorientation	  of	  extension	  direction	  accommodated	  on	  variably	  oriented	  ancillary	  faults	  and	  
fractures;	   (iii)	  continued	  propagation	  of	  one	  of	  the	  bounding	  normal	   faults	   leads	  to	  the	  development	  of	  
new	  rift-­‐parallel	  structures	  and	  bypassing	  of	  the	  relay	  zone.	  
Stage	   IV:	  Based	  on	   studies	  of	   interacting	  normal	   faults,	   a	  hard	   linkage	   is	   expected	   to	  develop	  
between	  faults	  A	  and	  B,	  with	  either	  (1)	  the	  continued	  propagation	  of	  one,	  or	  both	  fault	  tips,	  or	  
(2)	  the	  formation	  of	  a	  separate	  connecting	  fault	  (e.g.	  Peacock	  and	  Sanderson,	  1992;	  Childs	  et	  al.,	  
1995;	  Hus	  et	  al.,	  2005).	  In	  the	  study	  area,	  there	  is	  evidence	  for	  the	  former	  with	  the	  development	  
of	   fault	  segments	  A’	  and	  B’.	  Hard	   linkage	  on	  either	  of	   these	  NW-­‐SE	  striking	   faults	   is,	  however,	  
incomplete.	  The	  growth	  of	  fault	  C,	  which	  has	  a	  smaller	  vertical	  displacement	  (up	  to	  ~5	  m)	  and	  
appears	   to	  have	   followed	  a	  modified	   trajectory	   from	  a	  NNE-­‐SSW	  trend	   to	  a	  NE-­‐SW	  one	   in	   the	  
vicinity	  of	  the	  relay	  zone,	  adds	  further	  complexity.	  The	  tip	  of	  fault	  C	  appears	  to	  terminate	  against	  
a	  NW-­‐SE	  striking	  normal	  fault	  (with	  a	  greater	  throw	  of	  15	  m)	  that	  is	  referred	  to	  as	  fault	  C’.	  The	  
geometric	  and	  timing	  relationship	  between	  the	  faults	  C	  and	  C’	  is	  also	  unclear	  but	  the	  en	  echelon	  
configuration	  of	  faults	  B’	  and	  C’	  produces	  an	  additional	  relay	  zone.	  
Stage	  V:	  Breaching	  of	  the	  relay	  zone	  might	  have	  been	  expected	  with	  the	  growth	  of	  fault	  B’,	  A’	  or	  
C’,	  resulting	  in	  localisation	  on	  an	  obliquely	  oriented	  (NW-­‐SE	  striking)	  fault	  step(s).	  Before	  a	  NW-­‐
SE	  striking	  hard	   link	  developed,	  a	  set	  of	  NE-­‐SW	  (rift-­‐parallel)	  extension	   fractures	  and	  a	  normal	  
fault	   (fault	   B-­‐C)	   developed	   to	   connect	  NW-­‐SE	   striking	   fault	   segments	  B’	   and	  C’	   (Figure	  5.24b).	  
Extension	  fractures	  and	  fault	  comprising	  B-­‐C	  shows	  relatively	  minor	  displacements	  compared	  to	  
neighbouring	   sets.	   Fault	   B-­‐C	   is	   interpreted	   to	   be	   a	   later	   structure	   that	   developed	   to	  
accommodate	  the	  transfer	  of	  displacement	  in	  a	  secondary	  relay	  zone	  between	  faults	  B’	  and	  C’.	  
The	   cumulative	   result	   of	   this	   displacement	   transfer	   is	   a	   straightening	   out	   of	   the	   entire	   relay	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zone,	  and	  localisation	  on	  a	  new	  through-­‐going	  rift-­‐parallel	  normal	  fault	  (Figure	  5.24,	  civ,	  v,	  diii).	  
The	  formation	  of	  this	  link	  will	  ultimately	  lead	  to	  either:	  (1)	  the	  abandonment	  of	  the	  tip	  of	  fault	  
A/A’	  with	  rift	  extension	  accommodated	  solely	  on	  this	  new	  through-­‐going	  fault;	  or	  (2)	  continued	  
propagation	  of	  fault	  A	  and	  partitioned	  extension.	  Most	   importantly,	   instead	  of	   instantaneously	  
breaching,	  structures	  in	  the	  relay	  zone	  record	  a	  progressive	  kinematic	  evolution	  from	  rift-­‐normal	  
extension	  to	  rift-­‐parallel/rift-­‐oblique	  extension,	  and	  finally	  rift-­‐normal	  extension	  once	  more.	  The	  
earlier	  obliquely	  oriented	  structures	  are	  abandoned	  in	  favour	  of	  a	  new	  rift-­‐parallel	  normal	  fault.	  	  
	  
No	  clear	  cross-­‐cutting	  relationship	  was	  observed	  between	  rift-­‐normal	  and	  oblique	  sets.	  As	  such,	  
it	   is	  unclear	  whether	  the	  sets	  developed	  as	  the	  result	  of	  (1)	  clockwise	  block	  rotation	  with	  early	  
formation	  of	  rift-­‐normal	  fractures	  (Figure	  5.24civ);	  or	  (2)	  a	  stage	  of	  anticlockwise	  block	  rotation	  
with	  and	  the	  early	  formation	  of	  rift-­‐oblique	  sets	  (Figure	  5.24cv).	  Although	  the	  relative	  timings	  of	  
the	   fault	   and	   fracture	   sets	   are	   uncertain,	   they	   provide	   evidence	   for	   the	   progressive	   inelastic	  
break	   down	   of	   a	   region	   undergoing	   simultaneous	   rift-­‐normal	   and	   rift-­‐parallel/rift-­‐oblique	  
extension	   (non-­‐plane	   strain),	   in	   this	   case	   as	   a	   result	   of	   the	   complex	   stress	   distributions	  
surrounding	  the	  terminations	  of	  the	  bounding	  rift	  faults	  (e.g.	  Griffiths,	  1980).	  
	  
5.5.3. Implications	  for	  rift	  zone	  kinematics	  
Results	   from	   laboratory-­‐derived	   data	   and	   field	   observations	   of	   faults	   and	   fractures	   show	   that	  
segmentation	  is	  a	  natural	  result	  of	  fault	  development	  in	  anisotropic	  volumes	  (Chapter	  3)	  under	  
varying	  boundary	  conditions	  (Chapter	  4).	  A	  product	  of	  this	  intrinsic	  segmentation	  is	  progressive	  
strain	  partitioning	  and	  three-­‐dimensional	  strains	   in	  relay	  zones	  at	  a	  range	  of	  scales	   (m-­‐	  to	  km-­‐
scale;	  Chapter	  4	  and	  this	  chapter).	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Figure	   5.25.	   	   Modelled	   strain	   fields	   surround	   two	   interacting	   fractures	   (darker	   grey	   is	   higher	   strain	  
intensity)	   based	   on	   the	   analogue	   models	   of	   Tentler	   and	   Acocella	   (2010)	   for	   left-­‐stepping	   en	   echelon	  
fractures	   (a)	   and	   right-­‐stepping	   fractures	   (b).	   c)	  Mapped	   faults	   (solid	   polylines)	   and	   extension	   fractures	  
(dotted	  polylines)	  in	  the	  AOI	  in	  the	  Krafla	  fissure	  swarm.	  Red	  polylines	  represent	  the	  dominant	  rift-­‐parallel	  
fault	  and	   fracture	  set	   that	  accommodate	   the	   regional	  ESE-­‐WNW	  extension	  direction.	  Additional	  oblique	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fracture	   and	   fault	   sets	   have	   developed	   at	   the	   tips	   of	   en	   echelon	   rift	   faults	   (faults	   A,	   B	   and	   C).	   The	   en	  
echelon	  configuration	  of	  the	  main	  fault	  sets	  A	  and	  B	  (Gjaystykki	  graben-­‐bounding	  faults)	  shows	  a	  left	  step	  
over	   and	   structures	   developing	   here	   are	   consistent	   with	   a	   clockwise	   vertical	   axis	   rotation.	   Coloured	  
arrows	   indicate	   fault	  dip	  directions.	  d)	  Map	  of	  en	  echelon	   rift	   segments	   in	   the	  NVZ	   (from	  Hjartardöttir,	  
2010).	  e)	   Interpretation	  of	  microseismicity	  between	   the	  Askja	  and	  Kverkfjöll	   rift	   segments	  suggests	   left-­‐
lateral	   strike	   slip	   faults	   in	   the	   overlap	   zone	   represent	   bookshelf	   faults	   that	   accommodate	   right-­‐lateral	  
shear	   and	   clockwise	   vertical	   axis	   rotation	   between	   the	   Askja	   and	   Kverkfjöll	   rift	   segments	   in	   northern	  
Iceland	   (modified	   from	   Green	   et	   al.,	   2014).	   The	   stepping	   configuration	   and	   associated	   rotation	   is	  
consistent	  with	  the	  models	  of	  Tentler	  and	  Acocella,	  2010.	  
The	   scale	   invariance	   of	   the	   observations	   made	   suggests	   that	   a	   common	   process	   of	  
segmentation,	  propagation	  and	   interaction	  may	  contribute	   to	   fault	  distribution	  and	  geometry.	  
Findings	   of	   this	   study	   fit	   well	   with	   reports	   of	   complex	   three-­‐dimensional	   strain	   partitioning	  
between	  en	  echelon	  fractures	  or	   faults	   in	  numerical	  simulations	   (e.g.	  Segall	  and	  Pollard,	  1980;	  
Pollard	  and	  Aydin,	  1984),	  analogue	  studies	  (e.g.	  Tentler	  and	  Acocella,	  2010;	  Figure	  5.25a,	  b)	  and	  
field	  studies	  (e.g.	  Griffiths,	  1980;	  Nelson	  et	  al.,	  1992;	  Acocella	  et	  al.,	  2000).	  	  
The	  process	  of	   fault	   segment	  propagation	  and	   linkage	   is	  not	  an	   instantaneous	  process	  
(e.g.	   Imber	  et	  al.,	  2004)	  and	  deformation	  ahead	  of	  propagating	  and	   interacting	   fault	  segments	  
should	   therefore	   be	   expected	   to	   follow	   a	   progressive	   deformational	   evolution.	   Here,	   such	   a	  
progressive	  kinematic	  evolution	   is	  presented.	  Strains	  within	  the	  relay	  zone	  are	   inherently	  non-­‐
coaxial	  with	  NNE-­‐SSW	  to	  NE-­‐SW	  extension	  taking	  place	  contemporaneously	  with	  continued	  rift-­‐
normal	   (WNW-­‐ESE)	   extension	   on	   the	   bounding	   fault	   structures	   (Figure	   5.25c).	   Comparable	  
clockwise	   rotations	   and	   oblique	   deformation	   is	   also	   identified	   at	   a	   larger	   rift-­‐scale	   for	   left-­‐
stepping	  rift	  segments	  in	  the	  Afar	  region	  of	  the	  East	  Africa	  Rift	  (e.g.	  Tapponier	  et	  al.,	  1990)	  and	  
the	  axial	  rift	  zone	  of	  Iceland.	  
Approximately	   19	   mm/yr-­‐1	   of	   plate	   motion	   across	   the	   axial	   rift	   zone	   in	   Iceland	   is	  
compartmentalised	   onto	   five	   fissure	   swarms:	   Thiestareykir,	   Krafla,	   Fremri-­‐Namur,	   Askja	   and	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Kverkfjöll	   (Figure	  5.25d).	   The	  characteristic	  deformation	  within	   these	   fissure	   swarms	  has	  been	  
documented	   in	   detail	   but	   segmentation	   and	   strain	   partitioning	   at	   the	   scale	   of	   the	   individual	  
fissure	  swarms	   is	   less	  well	  documented.	   In	   the	  Krafla	   fissure	  swarm,	  the	   largest	  displacements	  
are	   identified	   along	   NNE-­‐SSW	   striking	   faults;	   distributed,	   obliquely	   oriented	   fractures	   are	  
present	   in	   overlap	   zones	  between	  normal	   faults	   but	   show	   smaller	   displacements.	   In	   the	   relay	  
zone	  between	  the	  Askja-­‐	  Kverkfjöll	   fissure	  systems,	  remote	  aerial	  mapping	  of	  surface	  fractures	  
reveals	   the	   same	   primary	   (continuous)	   and	   secondary	   (discontinuous)	   orientations	   that	   have	  
been	  presented	  in	  this	  study:	  (1)	  primary	  NNE-­‐SSW	  to	  NE-­‐SW;	  (2)	  secondary	  WSW-­‐ENE	  to	  WNW-­‐
ESE;	  and	   (3)	   secondary	  NW-­‐SE	   	   (Hjartardöttir,	  2010).	  These	   fracture	   sets	  may	  be	  analogous	   to	  
sets	   mapped	   in	   the	   AOI	   and	   generated	   by	   similarly	   perturbed	   stresses	   surrounding	   the	   en	  
echelon	   fracture	   systems.	   In	   the	   absence	   of	   published	   kinematic	   data	   for	   these	   sets,	   a	  
comparison	  with	  results	  from	  mapped	  sets	  from	  the	  study	  area	  in	  the	  Krafla	  fissure	  swarm	  is	  not	  
possible.	   Currently,	   WNW-­‐ESE	   striking	   fracture	   sets	   at	   the	   one	   to	   tens	   of	   kilometre-­‐scale	  
between	  the	  Krafla	  and	  Askja	  systems	  are	   interpreted	  to	  accommodate	  transform	  motion	   (i.e.	  
rift-­‐normal	  extension)	  between	  the	  en	  echelon	  rift	  zones,	  inducing	  a	  segmentation	  of	  the	  fissure	  
systems	   (Hjartardöttir,	  2010).	  Field	  measurements	  of	  WNW-­‐ESE	  striking	   fractures	   in	   the	  Krafla	  
fissure	  swarm	  contradict	  this	  model	  by	  showing	  purely	  extensional	  openings,	  accommodating	  a	  
rift-­‐parallel	  extension.	  
Beyond	   this	   scale,	   and	   at	   greater	   depths,	   the	   identification	   of	   rift-­‐parallel	   and/or	   rift-­‐
oblique	   extension	   is	   less	   common	   and	   plane	   strain	   conditions	   are	   preferentially	   interpreted.	  
Between	  2009-­‐2012,	  microseismicity	  (Mw	  0.5-­‐3)	  records	  from	  the	  relay	  zone	  between	  the	  Askja	  
and	   Kverkfjöll	   fissure	   swarms,	   at	   depths	   of	   2-­‐6	   km,	   highlight	   right-­‐lateral	   transform	   motion	  
(Figure	  5.25e).	  The	  transform	  motion	  is	  thought	  to	  be	  accommodated	  on	  a	  series	  of	  left-­‐lateral	  
strike	  slip	  faults	  that	  trend	  subparallel	  (NE-­‐SW)	  to	  the	  adjacent	  NNE-­‐SSW	  striking	  fissure	  swarms,	  
resulting	   in	  a	  vertical	  axis	  rotation,	  or	  bookshelf	  mechanism	  (Green	  et	  al.,	  2014).	  No	  conjugate	  
sets	   are	   recorded	   and	   there	   is	   no	   expression	   of	   these	   deeper	   strike-­‐slip	   faults	   at	   the	   surface	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where	  NNE-­‐SSW	  striking	  normal	  faults	  and	  extension	  fractures	  dominate.	  There	   is	  no	  evidence	  
in	   the	  microseismicity	   catalogue	   for	   either	   the	  WNW-­‐ESE	   or	  NW-­‐SE	   striking	   fracture	   sets	   that	  
have	  been	  mapped	  remotely	  by	  Hjartardöttir	   (2010)	   in	  this	  area.	  The	  oblique	  surface	  fractures	  
may	   be	   the	   surface	   expression	   of	   oblique	   deformation	   at	   depth,	   implying	   that	   additional	  
structural	  complexity	  exists	  in	  the	  region	  but	  remains	  unseen	  in	  microseismicity	  catalogues.	  
	  The	  reasons	  for	  the	  disparity	  between	  Green	  et	  al.,	  (2014)	  and	  Hjartardöttir	  (2010)	  are	  
not	  clear.	  Differences	  in	  fault	  orientations	  and	  kinematics	  may	  be	  attributed	  to	  the	  type	  of	  data	  
being	   analysed	   in	   this	   study.	  Green	  et	   al	   (2014)	   do	  not	   recognise	   the	   same	  oblique	   structural	  
sets;	  this	  may	  be	  because	  they	  do	  not	  exist,	  or	  that	  they	  are	  minor	  or	  closely	  spaced	  structures	  
that	  produce	   focal	  mechanisms	  outside	   the	   resolution	  of	   the	  dataset.	   The	  Green	  et	   al.	   (2014)	  
model,	  and	  others	  in	  Iceland	  (e.g.	  Bergerat	  et	  al.,	  1998)	  and	  the	  East	  Africa	  Rift	  	  (e.g.	  Tapponnier	  
et	   al.,	   1990)	   typically	   filter	   seismicity	   datasets	   to	   exclude	   non-­‐double	   couple	   (non-­‐DC)	   focal	  
mechanisms,	  limiting	  datasets	  to	  double	  couple	  focal	  mechanisms	  that	  represent	  shear	  faulting	  
events	  within	  a	  magnitude	  range	  M1-­‐5.	  Non-­‐DC	  mechanisms	  are	  commonly	  interpreted	  as	  noise	  
or	   artefacts	   and	   are	   therefore	   isolated	   and	   removed	   during	   processing	   steps	   if	   any	   of	   the	  
following	  criteria	  are	  satisfied:	  (1)	  slip	  or	  opening	  occurs	  above	  2	  km	  depth;	  (2)	  faults	  are	  closely	  
spaced	  between	  2-­‐6	  km;	  (3)	  slip	  occurs	  on	  a	  small	  number	  of	  structures	  with	  short	  recurrence	  
intervals	   (multiple	   subevents);	   (4)	   there	   is	   a	   combination	   of	   normal	   and	   strike-­‐slip	   faulting,	  
resulting	   in	   composite	   non-­‐DC	   mechanisms;	   or	   (5)	   if	   diking	   and	   crack	   extension	   is	   dominant	  
below	  these	  depths	  (Kawakatsu,	  1991;	  Julian	  et	  al.,	  1998).	  Filtering	  of	  this	  information	  removes	  
non-­‐shear	  processes	  associated	  with	  dilatancy	  and	  tensile	  failure,	   including	  diking	  and	  fracture	  
growth	  (Julian	  et	  al.,	  1998).	  Green	  et	  al.	   (2014)	  do	  not	  specify	  whether	  their	  data	   is	   filtered	  to	  
only	   include	   DC	   earthquake	   mechanisms;	   if	   this	   is	   the	   case,	   it	   may	   explain	   inconsistencies	  
between	  their	  findings	  and	  the	  relatively	  heterogeneous	  results	  from	  Krafla	  in	  this	  chapter	  and	  
the	  study	  of	  Hjartardöttir	  (2010).	  The	  result	  is	  an	  inherently	  two-­‐dimensional	  model	  based	  on	  a	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primary	   dataset	   that	   may	   exclude	   smaller	   scale	   complexity	   (e.g.	   multiple,	   potentially	  
synchronous	  extension	  directions).	  
At	  a	  larger	  scale	  still,	  interpretations	  of	  complex	  strain	  partitioning	  are	  also	  reported	  for	  
the	  transform	  zones	  located	  in	  the	  south	  and	  north	  of	  Iceland:	  the	  Tjornes	  Fracture	  Zone	  (TFZ)	  
and	  the	  South	  Iceland	  Seismic	  Zone	  (SISZ),	  which	  connect	  the	  axial	  rift	  zone	  of	  Iceland	  with	  the	  
Kolbeinsey	  and	  Reykjanes	  spreading	  ridges,	  respectively.	  Extension	  in	  these	  zones	  is	  partitioned	  
onto	  multiple	  sets	  of	  en	  echelon	  strike-­‐slip	   faults,	  normal	   faults,	  extension	  fractures/veins	  and	  
dikes	   (Bergerat	  and	  Angelier,	  1998;	  Angelier	  et	  al.,	  2000;	  Gudmundsson	  et	  al.,	  2001;	  Garcia	  et	  
al.,	  2002;	  Homberg	  et	  al.,	  2010).	  
Paleostress	   analyses	   (e.g.	   Bergerat	   et	   al.,	   1990;	   Bergerat	   and	   Angelier,	   2008),	   and	  
seismicity	  data	   (e.g.	  Dauteuil	   and	  Bergerat,	   2005;	  Bergerat	   and	  Angelier,	   2008),	   from	  onshore	  
areas	   surrounding	   the	   TFZ,	   reveal	   highly	   heterogeneous	   fault	   patterns	   that	   are	   not	   resolved	  
using	   a	   straightforward	   succession	   of	   events.	   Paleostress	   methodologies	   provide	   a	   common	  
stress	  tensor	  that	  best	  fits	  measured	  and	  calculated	  slip	  vectors;	  in	  this	  region,	  analyses	  predict	  
up	   to	   six	   separate	   brittle	   events,	   which	   give	   a	   primary	  WNW-­‐ESE	   extension	   and	   a	   secondary	  
ENE-­‐WSW	   extension.	   The	   remaining	   4	   regimes	   comprise	   a	   smaller	   but	   equally	   represented	  
component	  of	   the	  dataset:	   (1)	  NE-­‐SW	  extension,	   (2)	  NW-­‐SE	  extension,	   (3)	  NNW-­‐SSE	  extension	  
and,	   (4)	   NNE-­‐SSW	   extension	   (Angelier	   et	   al.,	   2000;	   Garcia	   et	   al.,	   2002).	   Evidence	   for	  
unambiguous	   timing	   relationships	   were	   not	   identified	   by	   these	   authors	   but	   results	   of	   Ar-­‐Ar	  
dating	  in	  the	  same	  area	  show	  that	  dikes	  with	  orthogonal	  orientations	  have	  similar	  ages	  (Garcia	  
et	  al.,	  2003),	  implying	  a	  strong,	  but	  undocumented	  potential	  for	  non-­‐plane	  strain.	  	  
Paleostress	  analyses	   from	  the	  SISZ	  also	  reveal	  a	  heterogeneous	  stress	  regime	  that	  
cannot	  be	  defined	  using	  a	  single	  stress	  tensor	  (e.g.	  Bergerat	  et	  al.,	  1998,	  1999).	  NW-­‐SE	  extension	  
here	   is	  primarily	  partitioned	  onto	  a	   series	  of	   conjugate	  normal	   faults	  and	  conjugate	   strike	   slip	  
“bookshelf	   faults”;	   the	  overall	  effect	  of	  which	   is	   left-­‐lateral	   transform	  motion,	  accommodating	  
the	   offset	   between	   the	   Reykjanes	   ridge	   and	   the	   axial	   rift	   (Bergerat	   et	   al.,	   1998;	   Bergerat	   and	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Angelier,	   1999;	   Acocella	   et	   al.,	   2000;	   Einarsson,	   2010).	   A	   second	   NE-­‐SW	   extension	   is	   also	  
recognised	   however,	   implying	   synchronous	   orthogonal	   extension	   or	   an	   extreme	   reversal	   in	  
stress	   regime	   (Bergerat	   et	   al.,	   1998;	   Bergerat	   and	   Angelier,	   1999).	   	   Based	   on	  mutually	   cross-­‐
cutting	   relationships,	   these	   authors	   propose	   that	   such	   heterogeneity	   is	   the	   result	   of	  multiple	  
reversals	   of	   extension	   direction	   through	   time,	   most	   likely	   due	   to	   the	   effects	   of	   crustal	  
heterogeneities.	  
Data	  from	  the	  study	  area	  in	  the	  Krafla	  fissure	  swarm	  highlights	  a	  region	  of	  non	  co-­‐axial	  
strain,	   characterised	   by	   complex	   structural	   sets	   –	   the	   product	   of	  modified	   elastic	   strain	   fields	  
during	  interaction	  that	  accommodate	  the	  transfer	  of	  extensional	  strains	  in	  a	  relay	  zone	  between	  
synthetic	   normal	   faults.	   Theoretical	   results	   from	   numerical-­‐based	   models	   imply	   that	  
observations	  scale	  with	  fault	  size,	  and	  as	  such	  we	  might	  expect	  similarly	  complex	  strains	  at	  the	  
scale	   of	   Green	   et	   al.	   (2014)	   and	   Bergerat	   et	   al.	   (1998,	   1999),	   associated	  with	   the	  mechanical	  
interaction	  of	   the	  Askja-­‐Kverkfjoll	   rift	   segments	  and	   the	  Reykjanes	   ridge	  and	   the	  Neo-­‐Volcanic	  
zone	   (NVZ).	   Beyond	   the	   scale	   of	   this	   study	   however,	   interpretations	   of	   en	   echelon	   rift	   zone	  
segments	   are	   inherently	   limited	   by	   the	   resolution	   of	   onshore	   satellite	   data	   or	   offshore	  
bathymetry	   data,	   as	   well	   as	   the	   resolution	   and	   processing	   methods	   of	   seismicity	   data	   and	  
paleostress	   inversion	   techniques.	   As	   such,	   beyond	   the	   km-­‐scale	   and	   for	   interpretations	   of	  
faulting	  at	  depth,	  smaller,	  obliquely	  oriented	  deformation	  is	  lost,	  and	  it	  is	  therefore	  very	  difficult	  
to	  characterise	  three-­‐dimensional	  strain	  at	  these	  scales.	  To	  fully	  reconcile	  field	  observations	  and	  
interpretations	   of	   non	   co-­‐axial	   strain	   at	   the	   sub-­‐km	   scale	   with	   results	   of	   larger	   scale	   studies	  
requires	   datasets	   that	   include	   both	   DC	   and	   non-­‐DC	   events	   at	   a	   high	   spatial	   and	   temporal	  
resolution	  for	  a	  range	  of	  event	  magnitudes.	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5.6. Summary	  
	  
• Mapping	   of	   the	   distribution,	   geometry	   and	   kinematics	   of	   faults,	   and	   of	   fault-­‐related	  
deformation,	   in	   the	   Krafla	   fissure	   swarm	   has	   shown	   that	   extension	   is	   dominantly	  
accommodated	   on	   NNE-­‐SSW	   striking	   subvertical,	   surface-­‐breaking	   normal	   faults	   with	  
maximum	  throws	  of	  up	  to	  30	  m.	  
• Based	  on	  the	  shape	  of	  displacement	  profiles	  and	  the	  geometry	  of	  propagation	  pathways,	  
two	  fracture	  and	  fault	  categories	  are	   identified:	   (1)	   interacting,	  en-­‐echelon	  (apertures	  <	  
1.5	  m);	  and	  (2)	  linked,	  composite	  fractures	  (commonly	  breached)	  with	  apertures	  >	  1.5	  m.	  
There	   are	   relatively	   few	   examples	   of	   isolated,	   non-­‐interacting	   fractures	   and	   composite	  
fractures	  are	  most	  common.	  
• In	   addition	   to	   rift-­‐parallel	   normal	   faults	   and	  extension	   fractures,	  multiple	  ancillary	   fault	  
and	  fracture	  sets	  exist	  at	  the	  lateral	  terminations	  of	  rift	  faults	  and	  strike	  at	  high	  angles	  to	  
them.	  Geometric	   and	   kinematic	   analysis	   of	   these	   structures	   suggests	   transfer	  of	   elastic	  
strain	   is	   taking	   place	   between	  bounding	   normal	   faults	   in	   a	   relay	   zone	  on	   the	   following	  
sets:	   (1)	   minor	   WNW-­‐ESE	   striking	   extension	   mode	   fractures,	   accommodating	   a	   rift-­‐
parallel	   (NNE-­‐SSW)	   extension;	   and	   (2)	   a	  more	   significant	   set	   of	   NW-­‐SE	   striking	   normal	  
faults	   and	   extensional-­‐shear	   fractures	   that	   accommodate	   a	   NE-­‐SW	   extension.	   	   An	  
additional	   set	   of	   rift-­‐parallel	   normal	   faults	   and	   extension	   fractures	   appear	   to	   cut	   these	  
oblique	  sets,	  connecting	  bounding	  segments	  to	  produce	  a	  new	  through-­‐going	  rift	  fault.	  
• There	  are	  no	   instances	  of	  rift-­‐normal	  strike-­‐slip	  (transfer)	  faults	  within	  the	  Krafla	  fissure	  
swarm:	   each	   fault/fracture	   set	   accommodates	   a	   unique	   extension	   direction	   consistent	  
with	   the	   progressive	   mechanical	   interaction	   of	   the	   bounding	   fault	   stress	   fields,	   which	  
results	   in	   incremental	   inelastic	  deformation	   that	   follow	  modified	   stress	   trajectories	  and	  
complex	  non	  co-­‐axial	  strain.	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• Current	   models	   of	   relay	   zone	   development	   do	   not	   demonstrate	   the	   progressive	  
breakdown	  and	  complex	  stress	  rotations	  internal	  to	  a	  relay	  zone	  that	  are	  interpreted	  to	  
be	  taking	  place	  in	  the	  study	  area.	  	  	  
• Faults	   in	  the	  Krafla	   fissure	  swarm	  show	  a	  greater	  proportion	  of	   linked,	  surface-­‐breaking	  
normal	   fault	   and	   extension	   fracture	   geometries,	   with	   greater	  maximum	   displacements	  
than	   structures	   that	   were	   mapped	   in	   the	   Koa’e	   fault	   system.	   This	   also	   coincides	   with	  
greater	  levels	  of	  magmatic	  activity	  within	  the	  rift	  zone.	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Chapter	  6	  
Discussion	   	  
	  
6.1 Comparison	  of	  the	  Koa’e	  fault	  system	  and	  Krafla	  fissure	  swarm	  
Observations	  of	  fault	  distributions	  and	  geometries	  in	  the	  Koa’e	  fault	  system	  and	  the	  Krafla	  
fissure	  swarm	  show	  that	  there	  are	  some	  similarities	  to	  the	  predicted	  geometries	  of	  Kaven	  
and	  Martel	   (2007)	   and	  Martel	   and	   Langley	   (2006)	   (i.e.	   extension	   fracture	   formation	   and	  
surface	  flexure	  development),	  but	  also	  many	  inconsistencies	  that	  suggest	  the	  two	  locations	  
do	  not	  represent	  the	  same	  stages	  of	  fault	  evolution.	  Additionally,	  flexures	  in	  both	  the	  Koa’e	  
and	   Krafla	   fault	   system	   are	   not	   present	   along	   all	   fault	   traces	   where	   they	   ought	   to	   be	  
systematically	   breached,	   as	   existing	   models	   predict	   (e.g.	   Grant	   and	   Kattenhorn,	   2004;	  
Holland	  et	  al.,	  2006;	  Martel	  and	  Langley,	  2006).	  There	  are	  also	  pronounced	  differences	   in	  
deformation	  style	  between	  the	  two	  fault	  systems	  that	  show	  a	  correlation	  with	  variations	  in	  
mechanical	   stratigraphy	   (i.e.	   compositional	   variations,	   fluid	   content)	   and	   magma	  
emplacement	   in	   the	   shallow	   crust.	   Existing	   models	   dominantly	   involve	   geometric	   or	  
kinematic	   linkage	   only,	   and	   do	   not	   consider	   the	   relative	   timing	   of	   fault	   nucleation	   and	  
propagation;	  nor	  strain	  rate	  or	  distribution.	  A	  model	  that	  accounts	  for	  a	  heterogeneous	  and	  
anisotropic	   sequence,	   under	   anisotropic	   (i.e.	   variable	   in	   space/time/magnitude),	   cyclic	  
loading	  may	  therefore	  provide	  a	  better	  estimate	  of	  their	  evolution.	  	  
6.1.1 Structural	  Style	  
The	   Koa’e	   and	   Krafla	   systems	   share	   common	   structural	   features,	   which	   implies	   that	   a	  
common	  process	  may	  be	  responsible	  for	  their	  development.	  These	  include:	  (1)	  linear	  zones	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of	  interacting	  and	  coalescing	  subvertical	  extension	  fractures;	  (2)	  monoclinal	  surface	  flexures	  
and	   (3)	   subvertical	   fault	   scarps	   with	   prominent	   openings	   of	   2-­‐4	   m	   (Figure	   6.1).	   Existing	  
models	   (e.g.	   Grant	   and	   Kattenhorn,	   2004;	   Kaven	   and	  Martel,	   2007)	   to	   account	   for	   these	  
features	   in	   the	   growth	   of	   normal	   faults	   in	   basaltic	   sequences	   are	   based	   on	   2D	   analytical	  
solutions.	  	  
	  
Figure	  6.1.	  Extensional	  structures	  in	  the	  Koa’e	  fault	  system	  and	  the	  Krafla	  fissure	  swarm	  show	  similar	  
characteristics:	   1)	   surface-­‐breaking	   normal	   faults	  with	  maximum	   vertical	   offsets	   >10	  m,	   and	   open	  
fractures	   along	   the	   hanging	   wall	   cut-­‐off	   (ai;	   bi);	   (2)	   networks	   of	   en	   echelon	   (interacting)	   and	  
coalesced	  extension	   fractures	   that	   show	  zig-­‐zag	  openings	  along	  pre-­‐existing	  cooling	   joints	   (aii;	  bii);	  
and	  3)	  narrow,	  fault-­‐bound	  graben	  structures	  that	  feature	  internal	  deformation	  that	  includes	  faults	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and	  contractional	  ridges	  (aiii;	  biii)	  that	  may	  be	  related	  to	  fault	  slip	  and	  opening	  on	  oppositely	  dipping	  
faults	  that	  bound	  the	  grabens.	  
Notably	   numerical-­‐based	   models	   involve	   isotropic	   rocks	   under	   isotropic	   loading	  
conditions,	   treating	   the	   host	   rock	   as	   a	   linear	   elastic,	   isotropic,	   isothermal,	   semi-­‐infinite	  
continuum.	   Faults	   are	   modelled	   as	   isolated,	   planar	   and	   frictionless	   structures	   that	   are	  
infinite,	   and	   constant	   in	   their	   lateral	   dimensions.	   The	   faults	   are	   discrete	   structures	   that	  
propagate	   upwards	   to	   the	   free	   surface	   in	   their	   own	   plane,	   generating	   compressive	   and	  
tensile	   stresses	   around	   the	   tip	   as	   they	   grow	   (e.g.	   Martel	   and	   Langley,	   2006;	   Kaven	   and	  
Martel,	   2007).	   These	   models	   are	   unable	   to	   account	   for	   the	   effects	   of	   a	   mechanically	  
heterogeneous	  sequence	  (e.g.	  joint	  fabrics,	  segmentation	  and	  refracted	  geometries:	  Ferrill	  
and	  Morris,	  2001;	   Schöpfer	  et	  al.,	   2006;	  Walker	  et	  al.,	   2013)	  or	   local,	   interaction-­‐induced	  
stress	  distributions.	  Faults	  are	  represented	  by	  a	  series	  of	  discrete	  triangular	  elements	  and	  
slip	  is	  induced	  by	  applying	  a	  shear	  stress	  to	  these	  elements.	  Analysis	  of	  the	  resulting	  stress	  
field	   surrounding	   the	   isolated	   fault	   structure	   is	   then	   used	   to	   predict	   the	   location	   and	  
kinematics	   of	   potential	   ancillary	   deformation.	   Based	   on	   these	   numerical	   simulations	   and	  
field	   observations,	   the	   development	   of	   normal	   faults	   in	   basaltic	   sequences	   is	   thought	   to	  
follow	  a	  systematic	  growth	  process	  (Grant	  and	  Kattenhorn,	  2004;	  Martel	  and	  Langley,	  2006;	  
Kaven	  and	  Martel,	  2007):	  
	  
Stage	  I:	  Upward	  propagation	  of	  a	  blind	  normal	  fault,	  above	  which	  we	  observe	  flexure	  of	  the	  
ground	  surface	  and	   the	  development	  of	   subvertical	  extension	   fractures	  parallel	   to	   the	   tip	  
line	  at	  the	  surface.	  
Stage	  II:	  Continued	  slip	  and	  upward	  propagation	  is	  coupled	  with	  a	  steepening	  of	  the	  surface	  
monocline	  and	  a	  widening	  of	  extension	  fractures.	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Stage	   III:	   Eventually,	   normal	   faults	   link	   with	   extension	   fractures	   at	   depth,	   resulting	   in	  
surface-­‐breaching	   faults	   with	   an	   open,	   and	   vertical	   component	   of	   displacement.	   Surface	  
monoclines	  are	  breached	  and	  transferred	  to	  the	  hanging	  wall.	  	  	  
	  
Experimental	   analyses	   of	   the	   physical	   and	   mechanical	   properties	   of	   lavas	   (Chapter	   3),	  
coupled	  with	  detailed,	  and	  extensive	  field	  mapping	  in	  both	  the	  Koa’e	  fault	  system	  (Chapter	  
4)	  and	  the	  Krafla	  fissure	  swarm	  (Chapter	  5),	  suggest	  that	  this	  evolution	  may	  be	  true	  only	  in	  
some	  instances.	  A	  combination	  of	  two	  factors	  appears	  to	  exert	  a	  strong	  influence	  on	  fault	  
segmentation	   and	   propagation	   of	   faults	   in	   basaltic	   sequences:	   (1)	   heterogeneous	   and	  
anisotropic	   loading,	   as	   a	   result	   of	   variable	   syn-­‐tectonic	   magmatism	   (intrusion);	   and	   (2)	  
loading	  of	  a	  mechanically	  layered	  sequence.	  	  
	  
6.1.2 Magmatic	  Effects	  
Applied	  stresses	  in	  the	  Koa’e	  and	  Krafla	  rift	  settings	  are	  neither	  homogenous	  nor	  isotropic.	  
Extension	  in	  both	  areas	  is	  governed	  by	  cyclic	  inflation-­‐deflation	  events,	  the	  scale	  and	  timing	  
of	  which	   result	   in	   heterogeneous	   and	   anisotropic	   stresses	   that	   are	   relieved	  during	   rifting	  
episodes,	   which	   vary	   in	   scale	   accordingly.	   Records	   of	   ground	   deformation	   in	   the	   Krafla	  
fissure	  swarm,	  dating	  back	  to	  1976,	  have	  highlighted	  pronounced	  and	  repeated	  episodes	  of	  
steady	   inflation	   followed	   by	   rapid	   deflation	   (and	   subsidence),	   associated	   with	   rift	   zone	  
extension	   (Bjornsson	   et	   al.,	   1978;	   Tryggvason,	   1981,	   1984,	   1994;	   Rubin,	   1992).	   Between	  
1974-­‐78,	  up	  to	  eight	  separate	  inflation-­‐deflation	  events	  were	  recorded	  and	  80-­‐90	  km	  of	  the	  
~100	   km	   long	   rift	   zone	   extended	   (Tryggvason,	   1984).	   Recurrence	   intervals	   for	   volcano-­‐
tectonic	   activity,	   associated	   with	   episodic	   deflation	   of	   the	   magma	   reservoir,	   are	   on	   the	  
order	  of	  100-­‐200	  years	  (Tryggvason,	  1984;	  Bjornsson	  et	  al.,	  2007).	  Inflation	  is	  interpreted	  as	  
the	   gradual	   accumulation	   of	   magma	   in	   the	   reservoir	   ~3	   km	   beneath	   the	   summit	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(Brandsdottir	  and	  Einarsson,	  1979).	  During	  each	  deflation	  event,	  magma	  is	  discharged	  from	  
the	  central	  reservoir,	  where	  it	  travels	  through	  the	  fissure	  swarm	  as	  dikes,	  or	  erupted	  as	  lava	  
on	  the	  surface	  (Tryggvason,	  1981).	  	  Seismicity	  and	  fissure	  widening	  accompany	  the	  release	  
of	  magma	   from	   the	   reservoir	   and	   subsidence	   of	   the	   caldera,	   implying	   that	   a	   genetic	   link	  
exists	  between	  rifting	  and	  the	  lateral	  migration	  of	  magma	  within	  the	  rift	  zone	  (Brandsdottir	  
and	   Einarsson,	   1979).	   The	   amount	   of	   extension	   across	   the	   rift	   zone	   during	   each	   rifting	  
episode	   is	   estimated	   at	   0.3	   km2	   (~1-­‐2	   m	   of	   fissure	   zone	   widening),	   approximately	  
proportional	   to	   the	   volume	   of	   subsidence	   within	   the	   caldera	   (Tryggvason,	   1984,	   1994).	  
Magma	  volumes,	  and	  the	  rate	  they	  are	  released,	  can	  vary	  significantly,	  however,	  along	  with	  
the	  amount	  of	  dilation,	  during	  each	  deflation	  event	  in	  a	  single	  rift	  episode.	  Records	  from	  an	  
event	  in	  1980	  estimate	  that	  during	  one	  event,	  a	  magma	  volume	  of	  ~6	  x	  106	  m3	  was	  released	  
over	   4-­‐5	   days	   with	   little	   to	   no	   measured	   dilation	   in	   the	   fissure	   swarm.	   A	   second	   event	  
shortly	   after	   this	   is	   estimated	   to	   have	   released	   30-­‐40	   x	   106	   m3	   of	   magma	   over	  
approximately	  12	  hours,	  which	  was	  associated	  with	  1.2-­‐1.7	  m	  of	  dilation	  within	  the	  fissure	  
swarm	  (Tryggvason,	  1984).	  Over	  a	  period	  of	  39	  days,	  Krafla	  erupted	  198	  x	  106	  m3	  of	  magma	  
during	  six	  separate	  events	  (Harris	  et	  al.,	  2000).	  	  
Similar	  patterns	  of	   inflation-­‐deflation	  have	  been	  recorded	  at	   the	  summit	  of	  Kilauea	  
volcano,	   where	   magma	   is	   repeatedly	   transferred	   from	   the	   central	   reservoir	   into	   the	  
adjacent	   rift	   zones	   that	   radiate	   southwest	   and	   east	   (Duffield	   et	   al.,	   1982;	   Delaney	   et	   al.,	  
1998;	   Poland	  et	   al.,	   2008).	   Records	  of	   sustained	  eruptions	   at	   Kilauea’s	   summit	   also	   show	  
variable	  magma	   volumes	   and	   event	   durations:	   In	   June	   1952,	   38	   x	   106	  m3	  of	  magma	  was	  
erupted	  over	  136	  days	  and	  in	  November	  1967,	  64	  x	  106	  m3	  of	  magma	  was	  erupted	  over	  251	  
days.	  Between	  1983-­‐2003,	  Kilauea	  was	   in	  a	  phase	  of	  continuous	  eruption	  with	  ~200	  x	  106	  
m3	  of	  magma	  released	  (Dvorak	  and	  Dzurisin,	  1993;	  Poland	  et	  al.,	  2012).	  Magma	  supply	  rates	  
for	   Kilauea	   are	   estimated	   at	   ~0.1	   km3	   y-­‐	   1	   (Swanson	   et	   al.,	   1976;	   Dzurisin	   et	   al.,	   1984)	  
whereas	  estimates	  for	  Krafla	  are	  up	  to	  ~1.6	  km3	  y-­‐1	  (Tryggvason,	  1986;	  Harris	  et	  al.,	  2000).	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Models	   of	  magma	   partitioning	   within	   Kilauea	   suggest	   that	   during	   the	   period	   1840-­‐1989,	  
~57%	   of	  magma	   supplied	   to	   the	   volcano	  was	   emplaced	   and	   erupted	  within	   the	   East	   Rift	  
Zone	   (ERZ)	   (1575	  x	  106	  m3)	  with	  ~2%	   (45x	  106	  m3)	  erupted	   from	   the	  Southwest	  Rift	   Zone	  
(SWRZ)	  (Dzurisin	  et	  al.,	  1984;	  Dvorak	  and	  Dzurisin,	  1993).	  The	  result	  of	  this	  partitioning	  has	  
led	   to	  more	   than	   20	   eruptions	   since	   1950,	   associated	  with	   deflation	   of	   Kilauea’s	   summit	  
reservoir,	   with	   only	   two	   of	   these	   events	   taking	   place	   in	   the	   southwest	   rift	   zone.	   These	  
temporal	  and	  spatial	  variations	  in	  magma	  emplacement	  have	  had	  a	  significant	  effect	  on	  the	  
distribution	   and	   geometry	   of	   surface	   strains	   in	   the	   Koa’e	   fault	   system:	   surface-­‐breaking	  
faults,	  and	  much	  of	  the	  recorded	  seismicity,	  occur	  within	  6	  km	  of	  the	  ERZ	  (Figure	  6.2a,	  inset	  
box).	   Towards	   the	   SWRZ,	   faults	   have	   remained	   segmented	   at	   depth,	   and	   strains	   are	  
characterised	  by	  surface	  flexures	  and	  extension	  fracture	  growth.	  	  
In	   contrast,	   seismicity	   records	   from	  Krafla	   suggest	   that	  magma	   is	   released	   into	   the	  
rift	   zone	  during	  a	  deflation	  period	  and	  migrates	   laterally,	  as	  dikes,	  up	   to	  50	  km	  along	   the	  
length	  of	  the	  rift	  zone	  north	  of	  Krafla	  (Bjornsson	  et	  al.,	  1978;	  Buck	  et	  al.,	  2006;	  Hjartardóttir	  
et	  al.,	  2012;	  Figure	  6.2b,	  inset	  box).	  During	  the	  most	  recent	  episode	  between	  1975-­‐1984,	  an	  
early	   forming	  dike	  propagated	  to	   the	  northern	  end	  of	   the	   rift	   zone	  where	   it	   continued	  to	  
dilate	  and	  drain	  the	  central	  reservoir	  for	  3	  months	  (Buck	  et	  al.,	  2006).	  Between	  1975-­‐1984,	  
surface-­‐breaking	  faults	  accommodated	  maximum	  vertical	  displacements	  of	  35	  m,	  up	  to	  ~20	  
km	  away	  from	  the	  source,	  suggesting	  dike	  propagation	   is	  closely	  related	  to	  the	  formation	  
and	  reactivation	  of	  fault	  structures	  along	  the	  entire	  length	  of	  the	  rift	  zone.	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Figure	  6.2.	  (a)	  Seismicity	  map	  for	  the	  south	  flank	  of	  Kilauea,	  Hawai’i.	  Inset	  box	  highlights	  a	  region	  of	  
large	  surface-­‐breaking	  normal	  faults.	  The	  region	  is	  connected	  to	  a	  zone	  in	  and	  around	  the	  upper	  ERZ	  
where	   seismicity	   levels	   are	   elevated.	   With	   progressive	   distance	   from	   this	   zone,	   surface-­‐breaking	  
faults	  become	   increasingly	  rare	  and	  remain	  segmented	  at	  depth.	   	   (b)	  Seismicity	  map	  for	  the	  Krafla	  
fissure	  swarm.	  Inset	  box	  shows	  seismicity	  during	  a	  rifting	  episode,	  associated	  with	  dilation	  of	  the	  rift	  
zone,	   and	  dike	  migration	   along	   the	   ~100	   km	   length	   of	   the	   Krafla	   fissure	   swarm.	   (Krafla	  map	   from	  
Hjartardóttir	  et	  al.,	  2012).	  SWRZ:	  south	  west	   rift	   zone;	  ERZ:	  east	   rift	   zone;	  KFS:	  Koa’e	   fault	  system;	  
HFS:	  Hilina	  fault	  system.	  
Dike	  propagation	   is	   controlled	  by	   the	  driving	  pressure,	  which	   is	  defined	  as	   the	  difference	  
between	   the	   total	   fluid	   (magma)	   pressure	   and	   the	   normal	   stress	   (equal	   to	   the	   least	  
compressive	  stress)	  acting	  on	  the	  dike	  (e.g.	  Gudmundsson,	  2003).	  This	   in	  turn	  generates	  a	  
stress	  intensity	  at	  the	  tip	  (a	  function	  of	  the	  driving	  stress	  and	  the	  length	  of	  the	  dike);	  when	  
this	   value	   exceeds	   the	   tensile	   strength,	   or	   exceeds	   the	   fracture	   toughness	   of	   the	  
surrounding	   host	   rock,	   the	   propagation	   criterion	   is	   satisfied	   and	   the	   dike	   will	   dilate	   and	  
lengthen	  (e.g.	  Pollard	  and	  Muller,	  1976;	  Buck	  et	  al.,	  2006).	  Propagation	  will	  continue	  until	  
either:	   (1)	   the	  driving	  pressure	  decreases	  and	   the	   stress	   intensity	   factor	  at	   the	  dike	   tip	   is	  
less	  than	  the	  fracture	  toughness	  of	  the	  host	  or	  (2)	  the	  dike	  encounters	  a	  stress	  barrier	  (e.g.	  
an	   area	  of	  higher	   compressive	   stress	  or	   layer	  with	   a	   low	  Young’s	  modulus).	  With	  magma	  
supply	   rates	  more	   than	  an	  order	  or	  magnitude	  higher	   in	  Krafla	   than	   in	  Kilauea,	   dikes	   are	  
driven	  significantly	  further	  into	  the	  rift	  zone	  by	  higher	  driving	  pressures	  and	  strain	  rates	  are	  
correspondingly	  higher	  throughout	  the	  fault	  system.	  This	  assumes	  that	  the	  hydrofracture	  is	  
driven	  by	  magma	  pressure,	  which	  could	  be	  argued	  true	  either	   in	   the	  case	  of	  high	  magma	  
pressures	   during	   low	   differential	   stress,	   or	   magma	   pressure	   tipping	   the	   balance	   in	   an	  
otherwise	  critically	  stressed	  area.	  Dike	  emplacement	  may	  also	  follow	  episodes	  of	   faulting,	  
which	   increases	   the	   accommodation	   space	   available	   for	   intrusion.	   Records	   from	   Kilauea	  
highlight	  deflation	  episodes	  that	  are	  preceded	  by	  faulting	  (Owen	  et	  al.,	  2000;	  D.	  Swanson,	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Pers	   coms.	  2014),	   and	  others	   that	  are	  preceded	  by	  dike	  emplacement	   (Klein	  et	  al.,	   1987;	  
Lundgren	  et	  al.,	  2013).	  For	   instance,	  between	  1960	  and	  1983,	  only	  17	  out	  of	  57	  eruptions	  
and	  intrusions	  were	  preceded	  by	  fault	  seismicity	  (Bell	  and	  Kilburn,	  2011).	  	  
Regardless	  of	  specific	  timing	  and	  mechanisms,	  a	  genetic	  link	  exists	  between	  faulting	  
and	   intrusion	   that	   should	   be	   accounted	   for	   in	  models	   of	   rift	   fault	   development.	   Existing	  
models	   based	   on	   analytical	   solutions	   are	   good	   approximations	   for	   the	   stresses	   around	  
propagating	   fault	   tips	  but	   they	  are	  unable	   to	   reproduce	   the	  mechanical	  anisotropy	  of	   the	  
deforming	  sequence	  that	  results	  in	  a	  stepwise	  evolution	  of	  faults,	  or	  the	  variable,	  and	  cyclic,	  
intrusion	  of	  magma	  and	  the	  subsequent	  variations	  in	  strain	  rate	  in	  each	  setting,	  which	  may	  
be	  responsible	  for	  the	  distinctive	  geometries	  of	  faults	  that	  have	  been	  observed.	  
	  
6.1.3 Mechanical	  Stratigraphy	  
In	   addition	   to	   magmatically	   induced	   segmentation	   patterns,	   related	   to	   temporally	   and	  
spatially	   variable	   stresses	   (driven	   by	   variable	   magma	   supply	   rates)	   within	   the	   rift	   zones,	  
mechanical	   anisotropies	  play	  an	   important	   role	   in	   fault	  growth.	  At	   the	  metre-­‐scale,	   these	  
anisotropies	  pertain	   to	   varying	  physical	   and	  mechanical	   properties	  within	   individual	   lavas	  
and	  networks	  of	  pre-­‐existing	  cooling	  joints,	  which	  are	  common	  to	  both	  settings.	  At	  the	  tens	  
to	  hundreds	  of	  metre-­‐scale,	  differences	  in	  compositional	  layering	  could	  also	  account	  for	  the	  
distribution	  and	  geometry	  of	  surface	  strains	   in	   the	  two	  fault	  systems.	  Deep	  drilling	  of	   the	  
1700	   m	   Scientific	   Observation	   Hole	   (SOH	   1)	   into	   Kilauea’s	   East	   Rift	   Zone	   produced	   a	  
continuous	   drill	   core	   that	   sampled	   the	   entire	   shield	   stage	   of	   the	   volcano’s	   development	  
(Quane	   et	   al.,	   2000;	   Figure	   6.3a).	   The	   drill	   core	   has	   revealed	   a	   sequence	   of	   subaerially	  
quenched	   lava	  (36%	  Aa,	  22%	  pahoehoe,	  4	  %	  massive	  basalt),	  with	  only	  minor	  amounts	  of	  
tephra,	  to	  a	  depth	  of	  approximately	  1	  km,	  below	  which	  intrusions	  (dikes)	  dominate	  (Figure	  
6.3b).	  Of	  the	  1700	  m	  deep	  borehole,	  lavas	  comprise	  60%,	  dikes	  26%,	  and	  hyaloclastite	  7%.	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Figure	   6.3.	   (a)	   Borehole	   data	   from	   the	   ERZ	   on	   Kilauea’s	   south	   flank.	   Results	   from	   the	   Kilauea	  
borehole	   show	   a	   relatively	   homogenous	   sequence	   of	   layered	   lavas	   above	   1	   km,	   with	   a	   zone	   of	  
intrusive	  basalt	  (interpreted	  to	  be	  dikes)	  below	  this	  (data	  from	  Quane	  et	  al.,	  2000).	  (b)	  Borehole	  data	  
from	  Krafla.	  Data	  from	  Krafla	  shows	  a	  more	  heterogeneous	  sequence	  of	  lavas,	  hyaloclastite	  and	  dike	  
intrusions.	  Subsurface	  aquifers	  are	  also	  common	  in	  the	  Krafla	  rift	  (borehole	  data	  from	  Fridleifsson	  et	  
al.,	  2006;	  aquifer	  data	  from	  Gudmundsson	  et	  al.,	  2010).	  	  
In	  contrast,	  core	  that	  was	  recovered	  from	  a	  ~2200	  m	  drillhole	  at	  Krafla,	  drilled	  by	  
the	  Iceland	  Deep	  Drilling	  Project	  (IDDP),	  highlights	  a	  more	  heterogeneous	  sequence	  (Figure	  
6.3b),	  comprising:	  (1)	  layered	  lavas	  and	  hyaloclastite	  in	  the	  upper	  1	  km;	  (2)	  dikes	  between	  
1-­‐2	   km;	  and	   (3)	   intrusive	  gabbro/dolerite	  below	  1600	  m.	   In	  addition	   to	  a	   compositionally	  
multi-­‐layered	   sequence,	   the	   upper	   1.5	   km	   is	   further	   influenced	   by	   geothermal	   activity.	  
Many	   of	   these	   geothermal	   fields	   are	   located	   dominantly	   within	   the	   lava-­‐hyaloclastite	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sequence	   in	   the	  upper	  700	  m.	   It	   is	   thought	   that	   rifting	   activity	  during	   the	   last	   episode	   in	  
1974-­‐1984	   contributed	   to	   additional	   fracturing	   that	   facilitated	   the	   development	   of	   new	  
geothermal	   fields,	   as	   well	   as	   the	   reactivation	   of	   older	   ones	   (Bjornsson	   et	   al.,	   1978).	   A	  
contrasting	  physical	  stratigraphy,	  as	  well	  as	  the	  differences	  in	  the	  amount	  of	  hydrous	  fluid	  
available	  in	  each	  study	  area,	  yields	  mechanically	  variable	  stratigraphies	  that	  are	  reflected	  in	  
the	   surface	   strains	   in	   both	   locations	   (i.e	   dominantly	   segmented,	   blind	   faults	   in	   the	   Koa’s	  
fault	  system	  and	  dominantly	  localised,	  surface-­‐breaking	  faults	  in	  the	  Krafla	  fissure	  swarm).	  
Unconfined	   compressive	   strength	   testing	   of	   core	   samples	   recovered	   during	   the	  
Hawaiian	  Scientific	  Drilling	  Project	  (HSDP)	  drilling	  project	  of	  the	  submarine	  flank	  of	  Mauna	  
Kea	  measured	  a	  strong	  mechanical	  contrast	  between	  lavas	  and	  hyaloclastites	  (Schiffman	  et	  
al.,	  2006).	  Subaerial	  basalts	  showed	  a	  range	  of	  strength	  measurements	  from	  53-­‐150	  MPa,	  
comparable	  to	  the	  results	  for	  lava	  components	  presented	  in	  Chapter	  3.	  In	  contrast,	  testing	  
of	  hyaloclastites	  from	  the	  same	  drillhole	  revealed	  UC	  strengths	  of	  2-­‐28	  MPa	  (depending	  on	  
the	  degree	  of	  alteration);	  the	  weakest	  lavas	  in	  these	  drill	  holes	  still	  have	  a	  UC	  strength	  that	  
is	  twice	  that	  of	  the	  strongest	  hyaloclastites	  (Schiffman	  et	  al.,	  2006;	  Thompson	  et	  al.,	  2008).	  
Results	  from	  Chapter	  3	  show	  that	  base	  components	  of	  a	  lava	  have	  comparable	  compressive	  
strengths	  to	  the	  hyaloclastites	  in	  this	  drill	  hole	  and	  similar	  values	  of	  elastic	  modulus:	  5	  GPa	  
for	   the	   lava	   and	   ~1	   GPa	   for	   hyaloclastites	   (Gudmundsson,	   2004).	   Depending	   on	   their	  
composition	  (i.e.	  clay	  content	  and	  composition),	  the	  hyaloclastites	  may	  deform	  in	  a	  ductile	  
manner	   (cf.	   volcaniclastic	   horizons	   of	   Walker	   et	   al.,	   2013)	   at	   relatively	   low	   effective	  
stresses.	  The	  lavas,	  in	  contrast,	  will	  localise	  deformation	  more	  rapidly.	  Thick	  accumulations	  
of	   hyaloclastite	   in	   the	   Krafla	   fissure	   swarm	   will	   also	   have	   a	   significant	   effect	   on	   the	  
displacement	  scaling	  of	  faults	  in	  both	  settings.	  Fault	  displacement	  is	  inversely	  proportional	  
to	  the	  Young’s	  modulus	  of	  the	  deforming	  host	  rock;	  where	  a	  fault	  propagates	  into	  a	  stiffer	  
host,	   from	  a	   softer	  one,	   the	  displacement	  will	  decrease	   (Gudmundsson,	  2004).	   Studies	  of	  
exposed	   faults	   in	   Holocene	   lavas	   in	   Iceland	   have	   shown	   that	   their	   displacement	   rarely	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exceeds	   40	  m,	   and	   is	   commonly	   several	  metres;	   it	  was	   found	   that	   the	   same	   faults	   could	  
accumulate	   100-­‐200	   m	   of	   throw	   when	   they	   propagated	   into	   hyaloclastite	   layers	  
(Gudmundsson,	  2004).	  
	  
	  
Figure	   6.4.	  The	  effect	  of	  pore	   fluid	  pressure	  on	   rock	   failure.	  An	   increase	   in	  pore	   fluid	  pressure	   (or	  
magma	   pressure)	   reduces	   the	   effective	   mean	   stress,	   shifting	   the	   stress	   state	   towards	   frictional	  
sliding	   or	   fracture	   formation.	   Depending	   on	   mechanical	   properties	   of	   the	   intact	   rock	   (internal	  
friction)	   or	   the	   orientation	   of	   a	   pre-­‐existing	   structure	   relative	   to	   the	   principal	   stresses,	   a	   tensile	  
fracture	  can	  form	  (σ3’	  <	  0)	  or	  a	  shear	  fracture	  (σ3’	  >	  0).	  After	  Hubbert	  and	  Rubey	  (1959).	  
	  
The	   mechanical	   stratigraphy	   in	   the	   Gjastykki	   valley	   is	   also	   affected	   by	   large	  
volumes	  of	  geothermal	  fluids	  that	  have	  been	  identified	  within	  both	  the	  hyaloclastite	  and	  
basalt	   sequences	   (Gudmundsson	   et	   al.,	   2010).	   	   These	   fluids,	   if	   pressurized,	   could	   drive	  
critically	  stressed	  materials	  to	  failure,	  facilitating	  either	  the	  formation	  of	  new	  faults	  or	  the	  
reactivation	   of	   joints,	   fractures	   and	   existing	   faults,	   even	   in	   the	   absence	   of	   dike	  
emplacement	   (see	   Figure	   6.4).	   This	   fits	   well	   with	   field	   observations	   of	   surface	  
deformation	  in	  both	  fault	  systems.	  In	  the	  Koa’e	  fault	  system	  there	  is	  a	  defined	  pattern	  of	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segmentation;	  faults	  are	  able	  to	  propagate	  the	  whole	  way	  through	  the	  sequence	  where	  
magmatic	  driving	  pressures	  and	  resulting	  strain	  rates	  are	  high,	  and	  elsewhere,	  strain	  rates	  
are	  lower	  and	  faults	  remain	  segmented	  at	  depth	  where	  they	  slip	  more	  slowly	  and	  flex	  the	  
surface	  ahead	  of	   the	   fault	   tip	   line.	   In	   contrast,	   a	   combination	  of	  greater	  magma	  supply	  
rates,	  a	  hyaloclastite-­‐rich	  sequence	  and	  large	  pore	  fluid	  pressures	  in	  the	  Gjastykki	  area	  of	  
the	   Krafla	   fissure	   swarm	   may	   facilitate	   fault	   propagation	   and	   leads	   to	   widespread	  
through-­‐going	   faults	   (with	   minor,	   or	   no	   flexure	   prior	   to	   breaching	   the	   surface)	   with	  
substantial	  displacements	  (>10	  m).	  	  
	  
6.2 Rift	  Fault	  Development	  in	  Layered	  Basaltic	  Sequences	  
Much	  of	  our	  understanding	  of	  the	  development	  of	  faults	  in	  basaltic	  sequences	  comes	  from	  
existing	   numerical	   and	   analogue	   modelling	   coupled	   with	   field	   observations.	   A	   single	  
propagation	  model,	  however,	  does	  not	  predict	  the	  system-­‐wide	  distribution	  of	  extensional	  
strains	  in	  either	  the	  Koa’e	  or	  Krafla	  fault	  systems.	  The	  process	  of	  fault	  evolution	  appears	  to	  
be	  made	  significantly	  more	  complicated	  by:	  (1)	   local	   inelastic	  deformation	  and	  interaction	  
during	  propagation	  and	  segmentation	  at	  a	  variety	  of	  scales;	  (2)	  magmatic	  input	  variations,	  
which	  result	  in	  heterogeneous	  and	  anisotropic	  extension	  (spatially	  and	  temporally	  variable,	  
as	  well	  as	  in	  magnitude);	  and	  (3)	  a	  heterogeneous	  and	  anisotropic	  mechanical	  stratigraphy	  
(at	  the	  scale	  of	  individual	  lavas	  and	  the	  deforming	  volume	  as	  a	  whole).	  These	  factors	  have	  
significant	   influence	   on	   fault	   evolution,	   distribution	   and	   geometry,	   as	   well	   as	   the	  
distribution	  of	  fracture	  damage	  throughout	  the	  deforming	  volume.	  The	  following	  stages	  of	  
fault	   growth	   attempt	   to	   account	   for	   all	   of	   these	   factors	   and	   explain	   the	   patterns	   of	  
deformation	  observed	  in	  both	  the	  Koa’e	  fault	  system	  and	  the	  Krafla	  fissure	  swarm.	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Stage	  I:	   Initial	  increments	  of	  extension	  may	  result	  from	  magma	  release	  during	  deflation	  of	  
the	   central	   reservoir	   where	   high	   magma	   pressure	   will	   drive	   dikes	   into	   existing	   adjacent	  
joints	  or	  discontinuities.	  In	  this	  scenario,	  while	  driving	  pressures	  are	  high	  enough	  to	  exceed	  
the	   fracture	   toughness	   of	   the	   surrounding	   rock,	   dikes	   will	   propagate	   vertically	   and	  
horizontally	  according	  to	  the	  hydrofracture	  criterion	  (after	  Jaeger	  et	  al.,	  2007):	  𝑃  ! =   𝜎3   + 𝑇!	  
The	  criterion	  states	   that	  dike	  emplacement	  will	  be	   facilitated	  by	  either:	   (1)	  an	   increase	   in	  
magma	   pressure	   (Pe),	   (2)	   a	   reduction	   in	   the	   minimum	   compressive	   stress	   (σ3)	   or,	   (3)	   a	  
reduction	   in	   the	   tensile	   strength	   (To)	   of	   the	   host	   rock	   (Bell	   and	   Kilburn,	   2011;	  
Gudmundsson,	   2011).	   Although	   the	   cause	   of	   dike	   tip	   propagation	   cessation	   is	   unclear,	   a	  
drop	  in	  magma	  pressure,	  below	  the	  minimum	  compressive	  strength,	  would	  prevent	  a	  dike	  
tip	  from	  exceeding	  the	  tensile	  strength	  of	  the	  host	  material;	  this	  may	  occur	  during	  periods	  
of	   low	  magma	   supply	   or	   contact	  with	   a	   layer	  with	   a	   higher	   resistance	   to	   tensile	   fracture	  
(where	   stress	   is	   relieved	   in	   ductile	   flow).	   According	   to	   borehole	   data,	   intrusive	   basalt	   is	  
emplaced	  at	  1000-­‐2000	  m	  depth	  below	  the	  surface	  of	  Krafla	  (Fridleifsson	  et	  al.,	  2006)	  and	  
1200-­‐1600	  m	  below	  the	  summit	  of	  Kilauea	  (Quane	  et	  al.,	  2000;	  Figure	  6.3).	  In	  the	  Krafla	  rift,	  
dikes	  at	  this	  depth	  reach	  a	  sequence	  of	  hyaloclastite	  and	  lavas.	  	  The	  presence	  of	  the	  dike	  tip	  
will	   perturb	   the	   local	   stress	   field	   around	   it	   and	   stresses	   will	   be	   relieved	   in	   precursory	  
fracturing	  within	  the	  low	  fracture	  resistance	  lavas,	  and	  ductile	  flow	  in	  the	  higher	  resistance	  
hyaloclastites	   (Figure	   6.5a),	   similar	   to	   volcaniclastic	   sandstones	   (Walker	   et	   al.,	   2013)	   or	  
“weak”,	   low	  competence	   layers	   (Ferrill	   and	  Morris,	  2003;	  Schöpfer	  et	  al.,	  2006).	  The	  high	  
fracture	  resistance	  of	  the	  hyaloclastites	  will	  inhibit	  further	  fracturing	  and	  propagation	  until	  
magma	  pressures	  are	  high	  enough	  to	  overcome	  this	  resistance	  and	  promote	  failure	  (Figure	  
6.5).	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Figure	   6.5.	  Model	   for	   dike	   propagation	   and	   fault	   initiation	   in	   the	   Krafla	   fissure	   swarm.	   (a)	  During	  
stage	  I,	  a	  dike	  tip	  (or	  series	  of	  dike	  tips)	  propagates	  laterally	  and	  vertically.	  Stresses	  ahead	  of	  the	  dike	  
tip	   (the	   magnitude	   of	   which	   are	   controlled	   by	   the	   stress	   intensity	   at	   the	   dike	   tip)	   are	   initially	  
accommodated	  by	   flow	  within	   the	  high	   fracture	   resistance	  units	  and	  extension	  mode	   fracturing	   in	  
the	   low	   fracture	   resistance	   units.	   (b)	   During	   stage	   II	   and	   III,	   the	   dike	   tip(s)	   terminate	   and	   shear	  
fractures	   develop	   in	   high	   resistance	   layers,	   connecting	   with	   extension	   fracture	   segments	   in	   the	  
adjacent	  lavas.	  Ahead	  of	  these	  blind	  normal	  faults,	  extension	  fractures	  develop	  at	  the	  free	  surface	  in	  
linear	  zones.	  (c)	  During	  stage	  IV,	  fault	  and	  fracture	  segments	  connect	  to	  form	  through-­‐going,	  surface-­‐
breaking	  normal	   faults.	   If	  magma	  supply	  rates	  are	   low,	  strain	  rates	  are	  correspondingly	   lower,	  and	  
surface	  flexure	  develops	  to	  accommodate	  slip	  at	  depth	  on	  segmented	  faults.	  When	  supply	  rates	  are	  
high,	  strain	  rates	  are	  high	  and	  faults	  propagate	  without	  flexing	  the	  surface.	  (Graben	  formation	  model	  
after	  Tentler,	  2005;	  Rowland	  et	  al.,	  2007)	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An	  absence	  of	  high	  resistance	  layers	  (e.g.	  hyaloclastite)	   in	  Kilauea’s	  flank	   implies	  that	  dike	  
propagation	  may	   be	   dominantly	   controlled	   by	   driving	   pressure	   at	   the	   100	  m-­‐1	   km	   scale;	  
below	   this,	   variations	   in	   the	   shear	   strength	   and	   orientation	   of	   joints	   and	   the	  mechanical	  
properties	  of	  the	  intact	  lava	  sequence	  will	  be	  important.	  	  
	  
Stage	  II:	  In	  the	  following	  strain	  increment,	  higher	  fracture	  resistance	  hyaloclastite	  layers	  will	  
develop	   shear	   fractures	   (normal	   faults),	   possibly	   facilitated	   by	   high	   pore	   fluid	   pressures	  
within	   these	   mechanically	   resistant	   but	   porous	   layers	   (Figure	   6.5b).	   During	   the	   same	  
increment,	  earlier	  formed	  fractures	  in	  the	  lower	  resistance	  lavas	  will	  continue	  to	  grow	  and	  
large	  fracture	  volumes	  will	  develop	  in	  these	  layers.	  
Stage	   III:	   In	   the	   zone	   ahead	   of	   upward	   propagating	   fractures	   and/or	   dikes,	   at	   a	   critical	  
distance	   (controlled	   by	   the	   magnitude	   of	   the	   stress	   intensity	   at	   the	   tip)	   from	   the	   free	  
surface	  (where	  shear	  stresses	  are	  zero),	  extension	  fractures	  begin	  to	  localise	  in	  linear	  zones	  
along	   pre-­‐existing	   cooling	   joints	   that	   are	   optimally	   oriented.	   These	   zones	   parallel	   the	  
structures	  at	  depth,	  accommodating	  the	  same	  extension	  and	  gradually	  propagate	  vertically	  
and	  horizontally	  (Figure	  6.5b).	  	  
Stage	   IV:	   Continued	   upward	   propagation	   of	   faults	   and	   downward	   growth	   of	   extension	  
fractures	   is	   possible	   through	   the	   interaction	   and	   eventual	   linkage	   and	   coalescence	   of	   a	  
descending	   scale	   of	   precursory	   structures	   that	   have	   developed.	   The	   result	   is	   composite	  
extension	   fractures	   that	   are	   continuous	   in	   length	   for	   several	   10s	   of	   m	   to	   200	   m,	   with	  
apertures	  up	  to	  ~4	  m.	  At	  a	  critical	  depth,	  they	  will	  interact	  and	  coalesce	  with	  fault	  segments	  
to	   form	   through-­‐going	   faults	   (Figure	   6.5c)	   and	   a	   smaller	   number	   of	   large	   structures	   will	  
accommodate	   regional	   extension.	   At	   this	   stage,	   strain	   localisation	   dominates	   over	   new	  
fracture	  growth	  and	  an	  exponential	  scaling	  is	  predicted	  (e.g.	  Ackerman	  et	  al.,	  1997,	  2001).	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The	   process	   of	   fault	   evolution	   in	   shallow	   basaltic	   sequences	   may	   take	   place	   relatively	  
quickly	  in	  some	  places,	  as	  evidenced	  by	  a	  lack	  of	  surface	  flexure	  of	  the	  surface.	  This	  implies	  
that	   faults	   were	   able	   to	   propagate	   straight	   to	   the	   surface	   without	   flexing	   it	   first,	   which	  
requires	   a	   combination	   of	   large	   driving	   stresses,	   a	   low	   σ3’,	   and/or	   sequences	  with	   a	   low	  
fracture	   resistance.	   Where	   driving	   stresses	   are	   too	   low	   to	   overcome	   the	   intact	   rock	  
strength,	  or	   the	  effective	   shear	   strength	  of	   irregular	  pre-­‐existing	   joints,	   faults	  will	   remain	  
segmented	  and	  strain	   is	  accommodated	   in	   surface	   fracturing	  and	   flexure.	  Here,	  breached	  
flexures	   could	   be	   evidence	   of	   a	   temporary	   hiatus	   in	   dike	   emplacement	   (locally)	   but	  
continued	   strain	  at	  a	   lesser	   rate.	  With	   renewed	  magmatic	  activity	   in	   the	  area,	   faults	  may	  
propagate	   again	   and	   these	   surface	   flexures	   may	   be	   breached	   along	   newly	   linked	   fault-­‐
fracture	  networks,	  or	  new	  faults	  may	  develop	  in	  the	  hanging	  wall,	  having	  nucleated	  from	  a	  
point	   of	   stress	   concentration	   (e.g.	   a	   restricted	   tip,	   fault	   bend	   or	   overlap	   zone).	   Some	  
flexures	  observed	  in	  the	  Krafla	  fissure	  swarm	  show	  small	  (1-­‐2	  m)	  amplitudes	  with	  larger	  (4-­‐
6	  m)	  fault	  scarps	  breaching	  them,	  and	  others	  amplitudes	  of	  ~6	  m	  with	  small	  scarps	  (0.5-­‐1.0	  
m)	  breaching	  them.	  This	  implies	  that	  in	  some	  locations,	  faults	  are	  restricted	  at	  depth	  before	  
breaking	   upwards	   through	   the	   sequence.	   Elsewhere	   they	   have	   been	   held	   at	   depth	   for	  
longer	  periods	  during	  which	  they	  accrue	  several	  metres	  of	  vertical	  uplift	  across	  the	  flexure	  
before	  strains	  are	  high	  enough	  to	  breach	  the	  surface.	  
The	  evolution	  of	  normal	  faults	  in	  volcanic	  rift	  zones	  from	  nucleation	  to	  the	  formation	  
of	   through-­‐going	   rift-­‐faults	   is	   not	   a	   linear	   process.	   	   Any	   change	   in	   boundary	   stress	  
conditions	   and/or	   fluid	   pressures,	   as	  well	   as	   the	   existence	   of	   any	  mechanical	   anisotropy,	  
will	   have	   a	   pronounced	   effect	   on	   the	   distribution	   and	   geometry	   of	   extensional	   strains	  
through	   time.	  According	   to	  existing	  numerical	  and	  scaled	  analogue	  simulations,	   faults	  are	  
expected	  to	  follow	  a	  step-­‐wise	  evolution,	  with	  earlier	  features	  evident	  in	  advanced	  stages;	  
e.g.	   surface	   flexure	   is	  expected	  during	  upward	  propagation	  and	  they	  are	   later	   transferred	  
and	  preserved	  on	  the	  hanging	  wall	  side	  when	  the	  fault	  breaches	  the	  surface.	  In	  both	  of	  the	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study	  areas,	  however,	  there	  are	  few	  instances	  of	  preserved,	  breached	  monoclines,	  implying	  
that	   the	   development	   of	   normal	   faults	   in	   volcanic	   rift	   zones	   is	   not	   a	   systematic	   process.	  
Extensional	   strains	   that	   have	   been	  mapped	   in	   the	   Koa’e	   fault	   system	  will	   not	   necessarily	  
represent	  an	  earlier	  stage	  that	  faults	  in	  Krafla	  have	  evolved	  through.	  A	  single	  model,	  which	  
does	  not	  account	   for	   the	  differences	   in	  mechanical	   stratigraphy	  and	  applied	   stresses,	  will	  
not	  predict	  the	  natural	  spatial	  and	  temporal	  distribution	  and	  geometry	  of	  fault	  populations	  
in	  developing	  rift	  systems.	  
	  
6.3 Implications	  for	  Porosity	  Maintenance	  
Variations	  in	  the	  distribution	  and	  degree	  of	  primary	  and	  secondary	  porosity	  in	  flood	  basaltic	  
sequences	  has	  been	  studied	  previously	   (e.g.	  Wilkens	  et	  al.,	   1991;	  Planke,	  1994;	  Planke	  et	  
al.,	  2000).	  Primary	  porosities	  and	  permeability	  within	  lavas	  are	  most	  commonly	  associated	  
with	   joint	   sets	   and	   vesicles,	   features	   ubiquitous	   to	   the	   lavas	   that	   develop	   during	   their	  
emplacement	   (Petford,	   2003).	   This	   intrinsic	   porosity	   and	   permeability	   governs	   transport	  
and	   diffusion	   processes	   (e.g.	   Saar	   and	   Manga,	   1999;	   Petford,	   2003).	   The	   long-­‐term	  
maintenance	  of	  porosity	   in	  basaltic	   sequences	   is	  becoming	   increasingly	   important	   for	   the	  
storage	  of	  economically	  important	  fluid-­‐related	  resources	  and	  CO2	  sequestration	  reservoirs,	  
which	  rely	  on	  basaltic	  stratigraphy	  (Anderson	  and	  Bowers,	  1995b;	  Schutter,	  2003;	  Oelkers	  
and	  Cole,	  2008;	  Rezvani	  Khalilabad	  et	  al.,	  2008;	  Gislason	  et	  al.,	  2010).	  Layered	  compound	  
basaltic	   sequences	   exhibit	   a	   distinctive	   physical	   stratigraphy	   that,	   in	   turn,	   dictates	   the	  
mechanical	  behaviour	  of	  the	  material	  (see	  Chapter	  3).	  Primary	  and	  secondary	  porosities	  in	  
these	  sequences	  represent	  two	  classes:	   (1)	  class	  D:	  diffusion	  porosity	  and	  (2)	  class	  F:	   flow	  
porosity	   (Petford,	   2003;	   Figure	   6.6).	   Secondary	   flow	   porosity	   (tortuosity)	   in	   basaltic	  
sequences	   may	   be	   more	   significant	   to	   fluid	   flow	   where	   interconnected	   networks	   of	  
subvertical	   joints	  provide	  a	  high	  tortuosity.	  As	  such,	  primary	   (class	  D)	  porosity,	  associated	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with	  vesicle	  distributions,	   is	   less	   important	   to	   the	  overall	  permeability	  structure	  of	  a	   lava,	  
particularly	  at	  depths	  where	  these	  open	  voids	  may	  close.	  Effective	  permeability,	  however,	  
will	  be	  promoted	  by	   failure	  of	   the	   intact	   lava	  and	  the	  development	  of	  new	  through-­‐going	  
fracture	  pathways.	  
	  
Figure	  6.6.	  Example	  of	  primary	  and	  secondary	  porosity	  in	  Hawaiian	  lavas	  sampled	  in	  this	  study.	  Tape	  
measure	  in	  bottom	  right	  of	  figure	  (a)	  is	  1	  m	  in	  length.	  Inset	  (b)	  indicates	  diffusion-­‐dominant	  porosity	  
(φD)	  in	  the	  highly	  vesicular	  flow	  top	  of	  the	  lower	  unit	  and	  bedding-­‐	  and	  joint-­‐parallel	  porosity	  (φF)	  at	  
the	  contact	  between	  flow	  units	  and	  within	  joints	  of	  the	  lower	  unit	  (after	  Petford,	  2003).	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It	   is	   well	   known	   that	   burial-­‐related	   mechanical	   compaction	   of	   sedimentary	   sequences	  
results	  in	  loss	  of	  their	  primary	  porosities	  (e.g.	  Terzaghi,	  1925;	  Rieke	  and	  Chilingarian,	  1974;	  
Wong,	  1990;	  Allen	  and	  Allen,	  2013).	  For	  sandstones,	  porosity	  is	  intergranular,	  and	  a	  product	  
of	   the	   solid	   framework	   of	   the	   rock,	   i.e.	   grain	   size,	   sphericity,	   and	   sorting	   (e.g.	   Allen	   and	  
Allen,	  2013).	  When	  these	  rocks	  are	  buried	  and	  compacted,	  some	  of	  the	  space	  around	  grains	  
is	   closed,	   severely	   restricting	   their	   porosity	   and	   permeability.	   The	   change	   in	   effective	  
volume	  when	  the	  rock	  is	  buried,	  referred	  to	  as	  mechanical	  compaction,	  is	  controlled	  by	  the	  
elastic	   response	  of	   the	  material	  under	  an	   increasing	   load.	   Loss	  of	  volume	   is	   related	   to	  an	  
applied	   load	   using	   the	   compressibility	  modulus	   (bulk	  modulus,	   K);	   a	   volume	   reduction	   is	  
accompanied	  by	  an	  increase	  in	  K.	  For	  homogenous	  and	  isotropic	  linear	  elastic	  materials,	  the	  
bulk	   modulus	   can	   be	   calculated	   using	   Young’s	   modulus	   and	   the	   Poisson’s	   ratio	   for	   the	  
deforming	  material:	  
Equation	  6.1:	  
𝐾 = 𝐸
3 1 − 2𝑣 	  
Where	  
E	  is	  Young’s	  Modulus	  
v	  is	  Poisson’s	  ratio	  
	  
While	  this	   is	  not	   ideally	  applied	  to	  basalts,	  which	  are	  neither	   isotropic	  nor	   linear	  elastic,	   it	  
still	  provides	  a	  useful	  comparison	  with	  other	  rock	  types	  and	  a	  first	  estimate	  of	  what	  could	  
be	   expected	   for	   relatively	  porous	  basalt	   (>4%).	   Based	  on	   this	   calculation,	   the	   core	  of	   the	  
lava	   is	   characterised	   by	   the	   highest	   bulk	   modulus	   (13	   GPa);	   the	   top	   of	   the	   lava	   has	   an	  
intermediate	  bulk	  modulus	  of	  ~9	  GPa,	  and	  the	  base	  of	  the	  lava	  has	  the	  lowest	  value	  (3.33	  
GPa).	   These	   results	   suggest	   that	  under	  an	   increasing	   lithostatic	   load,	   the	   core	  of	   the	   lava	  
will	   compress	   very	   little	   relative	   to	   the	   rest	   of	   the	   unit.	   These	   values	   of	   bulk	  moduli	   are	  
broadly	   comparable	   to	   drained	   tests	   of	   the	   Berea	   Sandstone	   (17%	   porosity),	   which	   give	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values	  of	  5-­‐8	  GPa	  of	  similar	  porosities	  (Hart	  and	  Wang,	  1995;	  Liu	  et	  al.,	  2009;	  Kolditz	  et	  al.,	  
2012).	  For	  comparison	  the	  drained	  tests	  of	  the	  Westerly	  Granite	  (<2%	  porosity)	  give	  values	  
of	  ~25	  GPa	   (Kolditz	  et	  al.,	  2012).	  Basalts	  may	  therefore	   follow	  a	  similar	  compaction	  trend	  
that	   is	   predicted	   for	   sandstones	   (Figure	   6.8).	   Primary	   porosity	   in	   basalt,	   however,	   is	   a	  
product	   of	   volatile	   degassing	   during	   emplacement	   and	   results	   in	   a	   vuggy	   rather	   than	  
intergranular	  porosity.	  	  
	   	  
Figure	   6.7.	  A	   comparison	  of	   porosity	   and	  bulk	  modulus	   for	   the	  Berea	   Sandstone	  under	   increasing	  
confining	  pressure	  (from	  Liu	  et	  al.,	  2009).	  	  
Consequently,	  the	  porosity	  of	  basalt	  may	  reach	  values	  of	  50%	  (Anderson	  and	  Bowers,	  1995)	  
but	  being	  generally	  unconnected,	  except	  for	  minor	  microcracks	  that	  formed	  during	  cooling,	  
their	  effective	  permeabilities	  are	  low.	  Permeability	  is	  dominantly	  increased	  in	  basalts	  when	  
it	  is	  fractured,	  which	  occurs	  at	  shallow	  depths	  under	  modest	  differential	  stresses	  (~16	  MPa	  
for	  the	  lava	  base).	  Initial	  burial	  and	  compaction	  of	  basalt	  may	  result	  in	  similar	  porosity	  loss	  
as	  we	  predict	   for	   sandstone,	  but	   the	  effect	  on	  effective	  permeability	  at	   this	   stage	  will	   be	  
negligible	   due	   to	   increasing	   fracture	   volume.	   Pore	   geometry	   may	   also	   influence	   loss	   of	  
porosity;	  pore	  compressibility	  has	  been	  shown	  to	  vary	  with	  aspect	  ratio:	  spherical	  holes	  are	  
the	  stiffest	  geometry	  and	  their	  compressibility	   increases	  with	  decreasing	  aspect	  ratio	  (e.g.	  
Jaeger	  et	  al.,	  2007).	   Interpretations	  of	  burial	  and	  porosity	  pathways	  based	  on	  compaction	  
models	   for	   sandstones	   may	   only	   be	   appropriate	   during	   the	   early	   stages	   of	   burial.	   With	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increasing,	   or	   cyclic	   compaction,	   secondary	   class	   F	   porosity	   and	   tortuosity	   will	   become	  
more	   important;	   brittle	   fracturing	   of	   the	   lavas	  will	   not	   only	   introduce	   additional	   fracture	  
volume	   into	   the	   rock,	   but	   linkage	   of	   vesicles	   will	   access	   the	   void	   fraction	   volume	   also,	  
resulting	   in	   even	  higher	   permeabilities.	   This	   fracture	   volume	  will	   be	   generated	   initially	   in	  
the	  base	  of	  the	  lava,	  followed	  by	  the	  lava	  top.	  	  
Connected	  porosity	  in	  basaltic	  sequences	  provides	  enormous	  storage	  potential	  for	  
fluid-­‐related	  resources	  and	  waste.	  This	  is	  especially	  relevant	  in	  areas	  such	  as	  the	  Pacific	  NW	  
of	   America,	   Iceland	   and	   Hawaii	   where	   basaltic	   aquifers	   are	   important	   water	   sources	  
(Anderson	  and	  Bowers,	  1995;	  Saar	  and	  Manga,	  1999;	  Khodayar	  and	  Bjornsson,	  2013)	  and	  
regions	  such	  as	  the	  NE	  Atlantic	  where	  vast	  accumulations	  of	  Paleocene-­‐Eocene	  basalts	  form	  
important	  components	  of	  prospective	  petroleum	  basin	  fill	  along	  the	  margin	  (Planke	  et	  al.,	  
1999;	   Schutter,	   2003).	   The	   long-­‐term	   potential	   of	   fluid	   flow	   through	   these	   materials	   is	  
therefore	  critically	  important.	  
	  
6.4 Evolution	  of	  Inter-­‐Rift	  Zones:	  the	  NE	  Atlantic	  
The	  NE-­‐SW	  trend	  of	  Cretaceous-­‐Cenozoic	  rift	  basins	  along	  the	  NE	  Atlantic	  margin	  is	  widely	  
inferred	   to	   be	   segmented	   by	   a	   series	   of	   NW-­‐SE	   lineaments	   (Figure	   6.8)	   that	   have	   been	  
proposed	  based	  on	  gravity,	  magnetic,	  and	  seismic	  reflection	  datasets	  (Rumph	  et	  al.,	  1993;	  
Doré	  et	  al.,	  1997;	  Kimbell	  et	  al.,	  2005).	  Some	  of	  these	  lineaments	  are	  projected	  from	  steps	  
in	   the	   continent-­‐ocean	   boundary,	   and	   a	   genetic	   link	   has	   previously	   been	   hypothesized.	  
Early	  interpretations	  of	  these	  structures	  describe	  them	  to	  basin-­‐wide	  ‘transfer	  zone	  faults’,	  
or	  major	   strike-­‐slip	   structures	   that	  accommodate	  major	   strike-­‐slip	  offsets	  between	  basins	  
and	   represent	   reactivated	   Pre-­‐Cambrian	   shear	   zones	   or	   inherited	   Caledonian	   structures	  
(Rumph	  et	   al.,	   1993;	  Doré	  et	   al.,	   1997;	  Doré	  et	   al.,	   1999;	   Kimbell	   et	   al.,	   2005;	   Ellis	   et	   al.,	  
2009a).	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Figure	  6.8.	  Map	  of	  the	  NE	  Atlantic	  margins	  highlighting	  major	  tectonic	  elements	  and	  basins:	  	  Hatton	  
Rise	  (HR),	  Hatton	  Basin	  (HB),	  Rockall	  High	  (RH),	  South	  Rockall	  Basin	  (SRB),	  North	  Rockall	  Basin	  (NRB),	  
Møre	   Basin	   (MB),	   Vøring	   Basin	   (VB),	   Jan	   Mayan	   (JM),	   Jan	   Mayan	   Fracture	   Zone	   (JMFZ),	   Tjornes	  
Fracture	  Zone	  (TFZ),	  Faroes	  Fracture	  Zone	  (FFZ);	  and	  study	   locations:	  the	  Krafla	  Fissure	  Swarm,	  the	  
Faroe-­‐Shetland	  Basin	  (FSB),	  and	  the	  Skaergaard	  Intrusive	  Suite	  in	  Kangerlussuaq,	  SE	  Greenland.	  Basin	  
ages	  after	  Doré	  and	  Lundin,	  1997.	  Oceanic	  magnetic	  anomalies	  after	  Gaina	  et	  al.,	  2009.	  
The	  scale	  of	  the	  resulting	  segmentation	  is	  highly	  variable	  and	  would	  have	  had	  a	  significant	  
influence	   on	   sediment	   distribution	   along	   the	   margin	   during	   the	   Cretaceous	   and	   Early	  
Paleogene	   (e.g.	   Sorensen,	   2003;	   Ellis	   et	   al.,	   2009a;	   Moy	   and	   Imber,	   2009).	   The	   Faroe-­‐
Shetland	  rift	  basin	  comprises	  a	  series	  of	  NE-­‐SW	  oriented	  depocentres,	  segmented	  by	  these	  
NW-­‐SE	   trending	   “transfer	   zone”	   faults;	   several	   of	   these	   features	   are	   projected	   onshore,	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across	   the	   Faroe	   Islands	   (Ellis	   et	   al.,	   2009b;	   Figure	   6.8	   and	   Figure	   6.9a).	   However,	   the	  
origins,	   continuity	   and	   kinematics	   as	   well	   as	   the	   tectono-­‐stratigraphic	   significance	   of	  
transfer	   zones	   remain	   unclear,	   despite	   their	   obvious	   implications	   for	   sediment	   transport,	  
hydrocarbon	  prospectivity	  and	  plate	  boundary	  reconstructions.	  	  
Recent	   and	   relatively	   high-­‐resolution	   seismic	   surveys	   and	   potential	   field	   datasets	  
have	  shown	  no	  evidence	  for	  basin-­‐wide	  transfer-­‐zone	  fault	  structures	  (e.g.,	  Moy	  and	  Imber,	  
2009;	  Rippington	  et	  al.,	  2015).	  Instead,	  the	  term	  “transfer	  zone”	  has	  been	  replaced	  by	  “rift-­‐
oblique	   lineament”,	   referring	   to	   second-­‐order	   structures	   related	   to	   rift	   zone	   architecture	  
and	   the	   transfer	   of	   strain	   between	   adjacent	   NE-­‐SW	   trending	   fault	   systems,	   rather	   than	  
regional	  scale	  strike-­‐slip	  faulting	  (Moy	  and	  Imber,	  2009;	  Ellis	  and	  Stoker,	  2014).	  	  
To	  further	  constrain	  the	  spatial	  extent	  and	  kinematic	  evolution	  of	  these	  structures,	  
high-­‐resolution	   field	  data	  and	  paleostress	  analysis	   from	   the	  Faroe	   Islands	   (published)	  and	  
Kangerlussuaq,	   East	   Greenland	   (unpublished),	   is	   compared	   to	   studies	   of	   segmented	   rift-­‐
faults	  and	  non-­‐coaxial	  strains	  in	  Krafla	  Fissure	  Swarm,	  NE	  Iceland.	  
6.4.1 European	  Margin	  (Faroe	  Islands)	  
The	   Faroe	   Islands	   and	   Faroe-­‐Shetland	   Basin	   are	   located	   on	   the	   European	   side	   of	   the	   NE	  
Atlantic	  margin,	  at	   the	  southern	   termination	  of	   the	  Aegir	   spreading	   ridge	  segment,	  which	  
initiated	   oceanic	   spreading	   in	   the	   Early	   Ypresian	   (~55-­‐53	   Ma:	   Gernigon	   et	   al.,	   2012;	  
magnetochron	  C24:	  Figure	  6.8).	  Onshore	  deformation	  in	  the	  Faroe	  Islands	  is	  characterized	  
by	  spatially	  and	  temporally-­‐related	  sets	  of	  crosscutting	  faults	  and	  intrusive	   igneous	  sheets	  
(dikes	  and	  sills)	  that	  reflect	  a	  progressive	  reorientation	  of	  the	  local	  extension	  vector	  over	  a	  
period	  of	  approximately	  10	  My	  during	  the	  Paleogene	  (Walker	  et	  al.,	  2011,	  2012.	  See	  Figure	  
6.9).	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Figure	   6.9.	   (a)	   Map	   of	   the	   Faroe	   Islands	   and	   inferred	   NW-­‐SE	   striking	   lineaments.	   (b)	   Simplified	  
summary	  block	  models	  for	  structural	  trends	  observed	  on	  the	  Faroe	  Islands,	  and	  their	  timings	  relative	  
to	   the	   FIBG	   (after	  Walker	   et	   al.,	   2011).	   Fault	   structures	   in	   the	   Faroe	   Islands	   record	   a	   progressive	  
anticlockwise	  rotation	  in	  extension	  direction	  during	  rift	  phases	  associated	  with	  the	  opening	  of	  the	  NE	  
Atlantic.	  
High-­‐resolution	   kinematic	   mapping	   and	   paleostress	   analysis	   conducted	   by	   Walker	   et	   al.	  
(2011)	  of	  onshore	  structures	  in	  the	  Faroes	  recognizes	  the	  following	  phases:	  1)	  Paleocene	  E-­‐
W	  to	  NE-­‐SW	  extension	  on	  N-­‐S	  and	  NW-­‐SE	  trending	  normal	  faults	  and	  dikes	  (Figure	  6.9b	  and	  
c),	   followed	   by	   2)	   Late	   Paleocene	   (possibly	   Early	   Eocene)	   N-­‐S	   extension	   on	   ENE-­‐WSW	   to	  
ESE-­‐WNW	  conjugate	  dike	  sets	  and	  strike-­‐slip	  faults	  (Figure	  6.9d),	  which	  are	  cut	  by;	  3)	  NW-­‐
SE	  extension	  on	  NE-­‐SW	  and	  NNE-­‐SSW-­‐striking	  oblique-­‐slip	  faults	  (Figure	  6.9e).	  Rift	  margin-­‐
oblique	   features	   in	   the	   Faroes	   accommodate	   only	   minor	   amounts	   of	   margin-­‐normal	  
extension	   and,	   crucially,	   NW-­‐SE	   trending	   features	   (parallel	   to	   the	   transfer	   zone	   trend)	  
accommodate	   a	   margin-­‐parallel	   extension	   rather	   than	   margin-­‐normal	   extension,	   as	  
predicted	  in	  the	  transfer	  zone	  model.	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6.4.2 North	  American	  Margin	  (Kangerlussuaq,	  E	  Greenland)	  
	  
The	  Kangerlussuaq	  region	  of	  SE	  Greenland	  is	  on	  the	  North	  American	  side	  of	  the	  NE	  Atlantic	  
margin	   and	   represents	   the	   most	   northerly	   penetration	   of	   the	   Reykjanes	   ridge	   segment,	  
which	   also	   initiated	   oceanic	   spreading	   in	   the	   Early	   Ypresian	   (~55-­‐53	  Ma:	   Gernigon	   et	   al.,	  
2012;	  magnetochron	  C24:	  Figure	  6.8).	  Prior	  to	  NE	  Atlantic	  spreading,	  the	  Faroe	  Islands	  and	  
Kangerlussuaq	  are	  thought	  to	  have	  been	  60-­‐100	  km	  apart	  (Ellis	  et	  al.,	  2002).	  This	   is	  based	  
on	   (1)	   the	  extent	  of	  Cenozoic	  North	  Atlantic	   Igneous	  Province	   lavas	  and	   intrusions,	  which	  
dominate	  both	  areas	  and	   (2)	   the	   lack	  of	  evidence	   for	   feeder	   systems	  capable	  of	   sourcing	  
the	  eruptions	  in	  Faroes	  (Ellis	  et	  al.,	  2002).	  Igneous	  activity	  in	  Kangerlussuaq,	  associated	  with	  
continental	  break-­‐up,	  is	  thought	  to	  have	  occurred	  in	  three	  phases:	  62-­‐59	  Ma,	  57-­‐54	  Ma	  and	  
50-­‐47	  Ma	  (Tegner	  et	  al.,	  1998),	  with	  emplacement	  of	   the	  Skaergaard	   intrusion	  at	  ~56	  Ma	  
(Wotzlaw	   et	   al.,	   2012).	   As	   with	   the	   Faroe	   Islands,	   deformation	   is	   characterized	   by	  
geometrically-­‐	  and	  temporally-­‐linked	  suites	  of	  cross-­‐cutting	  faults	  and	  dikes,	  hosted	  within	  
the	  Archaen	  basement	  and	  Cenozoic	  stratigraphy	  (unpublished	  field	  data).	  	  	  
Faults	   and	   dikes	   cut	   the	   Skaergaard	   intrusion,	   and	   compositionally	   similar	  
macrodikes	   (e.g.,	   the	  Mikifjord	   macrodike:	   Figure	   6.10a)	   thought	   to	   have	   been	   intruded	  
contemporaneously	   with	   the	   Skaergaard	   intrusion	   (Holwell	   et	   al.,	   2012),	   giving	   a	   well-­‐
constrained	  maximum	   age.	   	   For	   example,	   the	   500	  m	   thick	  Mikifjord	  macrodike,	   which	   is	  
parallel	   to	   the	   margin	   and	   Reykjanes	   ridge	   segment	   (i.e.,	   NE-­‐SW;	   Figure	   6.10a)	   and	  
accommodates	  margin-­‐normal	  (NW-­‐SE)	  extension.	  The	  dike	  is	  cut	  and	  offset	  by	  ESE-­‐WNW	  
oblique-­‐extensional	  faults,	  which	  show	  displacements	  of	  at	  least	  ~100	  m	  (e.g.	  Figure	  6.10a),	  
and	  form	  a	  conjugate	  set	  with	  ENE-­‐WSW-­‐striking	  faults	  that	  accommodate	  margin-­‐oblique	  
(N-­‐S)	  extension	   (Figure	  6.10b).	   These	   faults	   are	  parallel	   to	   conjugate	  dikes,	  which	   show	  a	  
mutual	  cross-­‐cutting	  relationship	  and	  also	  cut	  the	  Skaergaard	  intrusion	  (Figure	  6.10c).	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Figure	   6.10.	   Structural	   sets	   in	   Kangerlussuaq	   region	   of	   E	   Greenland	   from	   unpublished	   field	   data	  
collected	  by	  Richard	  Walker.	   (a)	   rift-­‐oblique	   faults	  cut	   the	  rift-­‐parallel	  Mikifjord	  macrodike;	   (b)	   rift-­‐
normal	  faults	  and	  dikes	  cut	  the	  Skaergaard	  intrusion,	  which	  are	  in	  turn	  cut	  by	  rift-­‐oblique	  faults	  and	  
dikes.;	   (c)	   Lower	   hemisphere	   stereographic	   projection	   for	   rift-­‐oblique	   faults;	   and	   (d)	   Lower	  
hemisphere	  stereographic	  projection	  for	  rift-­‐normal	  faults.	  
The	  Skaergaard	  intrusion	  additionally	  hosts	  margin-­‐normal	  (N-­‐S	  to	  NW-­‐SE)	  faults	  and	  dikes,	  
accommodating	   margin-­‐parallel	   (NE-­‐SW)	   extension	   (Figure	   6.10d),	   which	   are	   cut	   by	   the	  
margin-­‐oblique	  structures	  (Figure	  6.10c).	  Locally,	  margin-­‐parallel	  dikes	  are	  observed	  in	  the	  
Skaergaard	  intrusion,	  which	  cut	  the	  ESE-­‐WNW	  faults	  and	  dikes	  and	  the	  N-­‐S	  to	  NW-­‐SE	  fault	  
sets.	   These	   structures	  are	  directly	   comparable	   to	   fault	   and	  dike	   sets	   in	   the	  Faroe	   Islands,	  
implying	   that	   they	   share	   a	   common	   geometric,	   kinematic,	   and	   temporal	   evolution.	   The	  
geometry	  and	  kinematics	  of	  these	  structures	  are	  compared	  with	  mapped	  structures	  in	  the	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Krafla	   fissure	   swarm	   to	   test	   where	   deformation	   along	   the	   E	   Greenland	   and	   European	  
margins	  are	  comparable	  to	  the	  rotational	  strains	  described	  and	  interpreted	  in	  Chapter	  5.	  
6.4.3 Comparison	  with	  the	  Krafla	  Analogue	  
Faults	  and	  fractures	  in	  the	  Krafla	  system	  can	  be	  separated	  into	  three	  structural	  sets	  based	  
on	   kinematics	   and	   orientation	   (Figure	   6.11):	   (1)	   rift-­‐parallel	   (NE-­‐SW	   striking)	   sets	   of	  
extension	  fractures	  and	  normal	  faults,	  that	  accommodate	  NW-­‐SE	  extension;	  (2)	  rift-­‐oblique	  
NW-­‐SE	   striking	   normal	   faults	   and	   mixed-­‐mode	   fractures	   that	   accommodate	   ENE-­‐WSW	  
extension;	  and	  (3)	  rift-­‐normal	  WNW-­‐ESE	  striking	  extension	  fractures,	  accommodating	  NNE-­‐
SSW	   extension.	   Rift-­‐oblique	   faults	   (set	   2)	   are	   well-­‐developed	   (throws	   >2	   m)	   and	   form	  
segments	  of	  rift-­‐parallel	  faults	  that	  have	  followed	  locally	  modified	  trajectories.	  Rift-­‐normal	  
(set	  3)	  fractures	  represent	  the	  smallest	  strains	  in	  the	  relay	  zone,	  with	  maximum	  apertures	  
of	  0.8	  m	  and	  no	  vertical	  displacement	  (throw).	  Rift-­‐normal	  and	  rift-­‐oblique	  sets	  are	  cut	  by	  
rift-­‐parallel	   normal	   faults	   and	   extension	   fractures,	   which	   accommodate	   rift-­‐normal	  
extension,	  with	  faults	  demonstrating	  throws	  of	  ~	  3m	  and	  maximum	  apertures	  of	  ~5	  m	  on	  
fractures.	  Structural	  mapping	  of	  the	  Krafla	  system	  has	  not	  revealed	  evidence	  for	  rift-­‐normal	  
strike-­‐slip	   faults:	   each	   fault/fracture	   set	   accommodates	   a	   unique	   extension	   direction,	  
consistent	  with	   the	  accommodation	  of	  a	  progressive	  clockwise	  vertical	  axis	  block	   rotation	  
(Chapter	   5).	   Rift-­‐parallel	   fractures	   form	   the	   bounding	   structures	   of	   the	   relay	   zone,	  which	  
appears	   to	   be	   cut	   by	   an	   additional	   rift-­‐parallel	   fault,	   indicating	   that	  NE-­‐SW	   striking	   faults	  
represent	   the	   first	   and	   final	   stage	   of	   deformation	   in	   the	   rift.	   No	   consistent	   cross-­‐cutting	  
relationships	  are	  observed	  between	  rift-­‐oblique	  and	  rift-­‐normal	  structures	  within	  the	  relay	  
zone,	   suggesting	   that	   they	   formed	   contemporaneously	   as	   a	   result	   of	   non-­‐coaxial	  
deformation	   during	   vertical	   axis	   rotation	   and	   continued	   rift-­‐normal	   extension	   on	   the	  
bounding	  rift	  faults.	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Figure	  6.11.	  (a)	  Mapped	  faults	  and	  extension/extensional-­‐shear	  fractures	  in	  the	  study	  area,	  color-­‐coded	  based	  
on	  orientation	  and	   kinematics.	   (b)	   Stereographic	  projections	   showing	  measured	   fault/fractures	   as	  planes	   and	  
measured	  extension	  directions	  for	  each	  of	  the	  three	  structural	  sets:	  (1)	  rift-­‐parallel	  faults	  and	  fractures	  (red;	  bi);	  
(2)	   rift-­‐normal	   fractures	   (yellow;	   bii);	   and	   (3)	   rift-­‐oblique	   faults	   and	   fractures	   (green;	   biii).	   The	   left-­‐stepping	  
configuration	  of	  faults	  A	  and	  B	  are	  consistent	  with	  clockwise	  rotations	  in	  extension	  direction	  (biv),	  whereas	  the	  
right-­‐stepping	  configuration	  of	   fault	  B	  and	  C	   is	  consistent	  with	  a	  counter-­‐clockwise	  rotation	  (bv).	   (c)	  Proposed	  
evolution	  of	   fault	  sets:	   (ci)	  Propagation	  of	   the	  main	  rift-­‐fault	  set;	   (cii)	   Interaction	  between	  the	  main	  rift	   faults	  
leads	   to	   vertical	   axis	   rotation	   in	   the	   relay	   zone,	   and	   induced	   local	   reorientation	   of	   extension	   direction	  
accommodated	  on	  variably	  oriented	  ancillary	  faults	  and	  fractures;	  (ciii)	  continued	  propagation	  of	  the	  main	  rift	  
faults	  and	  clockwise	  rotation,	  or	  counter-­‐clockwise	  rotation	  associated	  with	  a	  new	  right-­‐stepping	  configuration	  
leads	  to	  the	  development	  of	  new	  rift-­‐parallel	  structures.	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Figure	  6.12.	  (a)	  Map	  of	  the	  tectonic	  elements	  of	  the	  Faroe	  Shetland	  basin	  (FSB).	  (b)	  Krafla	  fault	  data	  
is	   reflected	   from	   a	   left-­‐stepping	   configuration	   (bi)	   to	   a	   right-­‐stepping	   one	   (bii)	   to	   match	   the	  
configuration	   of	   the	   Reykjanes-­‐Aegir	   ridge	   segment	   offset.	   (c)	   Stereographic	   projections	   show	   the	  
original	  trace	  orientation	  (ci)	  and	  the	  rotated	  trace	  orientations	  and	  extension	  directions	  (cii).	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To	   compare	   relative	   orientations	   and	   kinematics,	   the	   Krafla	   rift	   datasets	   have	   been	  
reflected	   and	   rotated	   into	   the	   orientation	   and	   overlap	   configuration	   of	   the	   Atlantic	  
European	  margin	  basin	  systems:	   i.e.	  a	  NE-­‐SW	  trending,	  right-­‐stepping	  rift	  (Figure	  6.12).	  To	  
achieve	  this,	  a	  right-­‐stepping	  mirror	  image	  of	  the	  Krafla	  data	  is	  used	  (Figure	  6.12bii,	  cii)	  and	  
compared	   with	   the	   Reykjanes-­‐Aegir	   system,	   with	   the	   rift-­‐parallel	   faults	   rotated	   into	  
parallelism	  with	  those	  of	  the	  NE	  Atlantic	  margin	  (Figure	  6.13a,	  b	  and	  c).	  Data	  manipulation	  
is	  undertaken	  in	  two	  ways	  for	  comparison:	  (1)	  by	  rotating	  the	  mapped	  fault	  traces	  in	  Krafla	  
(Figure	  6.13b),	  which	  represent	  an	   irregular	   topographic	   intersection	  of	  planar	   faults,	   into	  
an	  orientation	   that	  matches	   the	  mapped	  traces	  of	  European	  margin	   rift	   faults;	  and	   (2)	  by	  
rotating	   the	   Krafla	   data	   (Figure	   6.13c)	   so	   that	   the	   average	   strike	   of	   the	   rift-­‐parallel	  
structures	   match	   the	   measured	   strike	   of	   rift-­‐parallel	   structures	   in	   the	   Faroes	   and	   east	  
Greenland.	   Both	   types	   of	   rotation	   lead	   to	   the	   ancillary	   data	   becoming	   parallel	   with	  
structural	  sets	  mapped	  in	  the	  Faroe	  Islands	  and	  Kangerlussuaq	  (Figure	  6.14).	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Figure	  6.13.	  Rotation	  of	  Krafla	  fault	  data	  is	  undertaken	  in	  two	  ways	  here	  for	  comparison:	  (1)	  a	  map	  
rotation,	  where	  the	  edges	  of	  the	  map	  parallel	   the	  trend	  of	  the	  FSB;	  and	  (2)	  a	  data	  rotation,	  where	  
fault	  traces	  (polylines)	  are	  rotated	  until	  rift-­‐parallel	  faults	  follow	  the	  trend	  of	  the	  FSB.	  Each	  rotation	  
produces	  similar	  results.	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Figure	  6.14.	  Combined	  summary	  of	  orientations	  and	  kinematics	  from	  each	  study	  locality	  that	  shows	  a	  counter-­‐
clockwise	   rotation	   in	   extension	   vector:	   (a)	   structural	   data	   from	   the	   Faroe	   Islands;	   (b)	   structural	   data	   from	  
Kangerlussuaq,	  SE	  Greendland;	  (c)	  reflected	  and	  rotated	  map	  data	  from	  the	  Krafla	  fissure	  swarm;	  (d)	  reflected	  
and	  rotated	  fault	  traces	  from	  the	  Krafla	  fissure	  swarm;	  and	  (e)	  comparison	  of	  NE	  Atlantic	  data	  with	  rotated	  and	  
reflected	  datasets	  from	  Krafla.	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Comparison	   of	   all	   normalized	   datasets	   shows	   kinematically	   near-­‐identical	   fault	   sets.	  
Importantly,	  each	  dataset	  comprises:	  (1)	  rift-­‐parallel	  faults	  that	  represent	  the	  first	  and	  final	  
structural	   set,	   opening	   normal	   to	   the	   rift	   axis;	   (2)	   a	   set	   of	   rift-­‐normal	   structures	   that	  
accommodate	   rift-­‐parallel	   extension;	   and	   (3)	   rift-­‐oblique	   structures	   that	   accommodate	  
extension	  oblique	   to	   the	   rift	   (Figure	  6.14).	  Although	   the	   relative	   timings	  of	   the	   latter	   two	  
sets	   in	  Krafla	  cannot	  be	  confidently	  determined,	  their	  orientations	  and	  kinematics	   fit	  with	  
those	  observed	  in	  the	  Faroe	  Islands	  and	  Kangerlussuaq.	  	  
	  
6.4.4 Scaling	  of	  Interpretations	  
Analytical	   solutions	   for	   isolated	   cracks	  under	  a	  uniform	  applied	   stress	  produce	   resolvable	  
sets	  of	  internal	  stresses,	  but	  the	  addition	  of	  neighboring	  cracks	  results	  in	  the	  superposition	  
and	  modification	  of	  their	  opposing	  three-­‐dimensional	  elastic	  fields	  (e.g.	  Pollard	  and	  Aydin,	  
1984;	  Crider	  and	  Pollard,	  1998;	  Maerten	  et	  al.,	  2002).	  The	  magnitude	  of	  the	  resulting	  stress	  
field	   is	   approximated	   by	   the	   stress	   intensity	   factor	   (K),	   a	   function	   of	   the	   applied	   stress,	  
geometry	   (length,	   depth)	   and	   position	   of	   a	   crack	   (Sih,	   1976;	   Segall	   and	   Pollard,	   1980;	  
Engelder	   et	   al.,	   1993;	   Crider	   and	   Pollard,	   1998).	  With	   the	  magnitude	  of	   K	   scaling	   linearly	  
with	  crack	   length,	  the	  effect	   is	  expected	  to	  scale	  with	  fault	  size	  (Pollard	  and	  Aydin,	  1984).	  
This	   is	   supported	   by	   worldwide	   catalogues	   of	   relay	   zone	   geometry	   that	   demonstrate	   a	  
power-­‐law	  scaling	  relationship	  over	  approximately	  8	  orders	  of	  magnitude	   (Peacock,	  2003;	  
Long	   and	   Imber,	   2011).	   For	   example,	   the	   Baikal	   rift	   zone,	  where	   faults	   bound	   a	   400	   km2	  
relay	  zone	  (Hus	  et	  al.,	  2006).	  The	  relay	  zone	  in	  the	  Baikal	  rift	  that	  is	  referred	  to	  in	  the	  study	  
of	  Hus	  et	  al.	  (2006)	  shows	  many	  characteristics	  that	  have	  been	  observed	  at	  smaller	  scales	  in	  
the	  Koa’e	  and	  Krafla,	   including:	   (1)	  overlapping	   rift	   faults;	   (2)	  progressive	  development	  of	  
obliquely	   oriented	   ancillary	   fault	   structures	   internal	   to	   the	   relay;	   and	   (3)	   formation	   of	  
connecting	  faults.	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Figure	  6.15.	  Map	  of	  the	  Hold	  With	  Hope	  relay	  zone	  in	  NE	  Greenland.	  The	  zone	  highlighted	  by	  the	  red	  
box	  is	  bound	  by	  large	  km-­‐scale	  displacement	  normal	  faults	  (from	  Peacock	  et	  al.,	  2000).	  
The	  Hold	  With	  Hope	  relay	  zone	  in	  NE	  Greenland	  is	  larger	  still,	  and	  bound	  by	  two	  basin-­‐
margin	  normal	  faults	  that	  are	  separated	  by	  approximately	  100	  km	  (Figure	  6.16,	  inset	  box).	  It	  
is	  considered	  to	  be	  the	  world’s	  largest	  zone	  of	  interaction,	  covering	  an	  area	  of	  25,000	  km2	  
(Peacock	   et	   al.,	   2000).	   A	   descending	   scale	   of	   ancillary	   normal	   faults	   and	   ancillary	   relay	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zones,	  internal	  to	  the	  primary	  relay	  zone,	  accommodates	  transfer	  of	  displacement	  between	  
these	   two	   large	   normal	   faults.	   In	   these	   examples,	   hard	   linkages	   are	   not	   discrete,	   well-­‐
expressed	   structures	   that	   develop	   instantaneously,	   but	   a	   zone	   of	   non-­‐coaxial	   strain	   that	  
evolves	   with	   the	   progressive	   displacement	   and/or	   propagation	   of	   the	   bounding	   fault	  
structures.	  	  
Recent	  Geomechanical	  elastic	  modeling	  of	  en	  echelon	  faults	  in	  the	  northern	  Viking	  
Graben	   in	   the	   North	   Atlantic	   has	   reconstructed	   the	   stress	   field	   associated	   with	   complex	  
distributions	   of	   major	   N-­‐S	   to	   NW-­‐SE	   trending	   normal	   faults	   and	   smaller	   scale	   oblique	  
ancillary	   faulting	   (Maerten	   et	   al.,	   2002).	   The	   resulting	   elastic	   deformation	   field	   produce	  
stress	   perturbations	   consistent	  with	   the	   distribution	   and	   orientation	   of	   ancillary	   faults	   in	  
the	   seismic	   dataset	   presented	   in	   the	   same	   study.	   Alternatively,	   they	   propose	   that	  
subordinate	   fault	   sets	   in	   the	   seismic	   dataset	   have	   developed	   as	   a	   result	   of	   local	   stress	  
distributions	  surrounding	  the	  larger	  faults,	  and	  importantly,	  that	  this	  is	  a	  process	  that	  may	  
be	  common	  across	  a	  range	  of	  scales.	  The	  results	  of	  Maerten	  et	  al.	  (2002)	  remove	  the	  need	  
for	  multiple	  tectonic	  episodes	  or	  reactivation	  of	  basement	  lineaments	  that	  may	  otherwise	  
be	  used	   to	   account	   for	   the	  obliquely	  oriented	  ancillary	   fault	   sets	   surrounding	  en	  echelon	  
bounding	   faults.	   This	   raises	   an	   important	   question,	   based	   on	   the	   scale	   invariance	   of	  
interaction-­‐related	   stresses	  and	  expected	   inelastic	  processes:	  why	  are	   large-­‐scale	   transfer	  
zone	  faults	  invoked	  to	  account	  for	  NE	  Atlantic	  margin-­‐oblique	  lineaments?	  	  
	  
6.4.5 A	  Dual-­‐Rift	  Model	  
Findings	   from	   the	   Faroe	   Islands	   and	   Kangerlussuaq	   suggest	   that	   rift-­‐oblique	   structures	  
along	   the	   NE	   Atlantic	   margins	   are	   sub-­‐basin-­‐scale	   dikes	   and	   normal	   faults,	   rather	   than	  
basin-­‐scale	   strike-­‐slip	   systems,	   recording	   a	   distinct	   phase	   of	   margin-­‐parallel	   extension	  
(Walker	  et	  al.,	  2011).	  These	  patterns	  are	  difficult	  to	  explain	  using	  the	  transfer	  zone	  models	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(e.g.	  Ellis	  et	  al.,	  2009;	  Guarnieri,	  2015).	   	  Structural	  sets	   in	  both	  of	  these	  study	  sites	  exhibit	  
distinct	   extension	  directions	   relative	   to	   the	  main	   rift	   trend,	  with	   structural	   geometry	   and	  
measured	  extension	   vectors	   sharing	  near-­‐identical	   orientations	  with	   analogous	   structures	  
in	   the	  Krafla	   fissure	  swarm	  relay	   zone.	  Assuming	  stress	   field	   interaction	   is	   responsible	   for	  
the	  development	  of	  these	  fault	  sets,	  at	  both	  scales,	  the	  following	  evolution	  is	  proposed:	  1)	  
Initially	  segmented	  rift	  faults	  and	  networks	  of	  mode-­‐I	  fractures	  accommodate	  the	  regional	  
NW-­‐SE	  extension	  direction	  (Figure	  6.16a);	  2)	  propagation	  of	  fractures	  and	  initial	  interaction	  
of	   stress	   fields	   surrounding	   the	   tips	   of	   en	   echelon	   fault	   segments	   results	   in	   the	  
development	  of	  a	   relay	   zone,	   characterized	  by	  vertical	  axis	   rotation	  and	   the	   formation	  of	  
highly	   oblique	   extension	   fractures	   accommodating	   NE-­‐SW	   extension	   (Figure	   6.16b);	   3)	  
continued	   displacement	   on	   the	   rift-­‐fault	   set	   results	   in	   further	   anticlockwise	   rotation	  
towards	  a	  N-­‐S	  extension	  and	  the	  abandonment	  of	  the	  highly	  oblique	  fault	  sets	  in	  favour	  of	  
the	  development	  of	  a	  hard	  linkage	  that	  is	  comprised	  of	  less	  oblique	  extensional	  shear	  sets	  
and	   normal	   faults	   (Figure	   6.16c);	   4)	   Further	   anticlockwise	   rotation	   shuts	   off	   the	   oblique	  
fault	  sets	  and	  results	  in	  new	  margin-­‐parallel	  faults	  and	  extension	  fractures	  that	  begin	  to	  cut	  
the	  relay	  zone	  (Figure	  6.16d);	  5)	  later	  rift-­‐parallel	  fault	  structures	  link	  together	  to	  produce	  a	  
new	   through	   going	   rift	   fault	   (system),	   accommodating	   the	   regional	   NW-­‐SE	   extension	  
direction.	  In	  the	  Faroe	  Islands	  this	  may	  have	  taken	  place	  when	  spreading	  in	  the	  Reykjanes	  
and	  Aegir	  ridges	  was	  great	  enough	  to	  create	  a	  through-­‐going	  sea	  floor.	  	  
With	   evidence	   suggesting	   that	   initial	   break-­‐up	   in	   the	   NE	   Atlantic	   was	   strongly	  
segmented	  (Gaina	  et	  al.,	  2009;	  Gernigon	  et	  al.,	  2012;	  Ellis	  and	  Stoker,	  2014),	  it	  is	  proposed	  
that	  margin-­‐oblique	  and	  margin-­‐normal	  structures	  in	  the	  Faroes	  and	  Kangerlussuaq	  reflect	  
locally	   heterogeneous	   stress	   distributions	   associated	  with	   the	   progressive	   propagation	   of	  
two	   active	   rift	   systems	   during	   the	   Paleogene:	   a	   SW	   to	   NE	   propagating	   Reykjanes	   rift	  
segment	  and	  a	  NE	  to	  SW	  propagating	  Aegir	  rift	  segment.	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Figure	  6.16.	  A	  dual	  rift	  model	  for	  the	  opening	  of	  the	  NE	  Atlantic.	  A	  regional	  clockwise	  rotation	  in	  
extension	  direction	  is	  replaced	  locally	  by	  an	  anticlockwise	  rotation	  in	  the	  relay	  zone	  that	  separated	  
SE	  Greenland	  and	  the	  Faroe-­‐Shetland	  region:	  1)	  NE-­‐SW	  extension;	  2)	  N-­‐S	  extension;	  and	  3)	  NW-­‐SE	  
extension.	  The	  development	  of	  this	  zone	  and	  associated	  deformation	  is	  related	  to	  the	  propagation	  
of	  two	  active	  rift	  systems	  during	  the	  Paleogene:	  the	  Reykjanes	  and	  Aegir	  ridge	  systems.	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  The	   Faroe	   Islands	   sit	   ahead	   of	   the	   tip	   of	   the	   Aegir	   spreading	   ridge	   and	   represent	   the	  
eastern	  extremity	  of	  this	  proposed,	  relay	  zone.	  Kangerlussuaq	  lies	  at	  the	  western	  margin	  of	  
this	   zone	  and	  represents	   the	  most	  northerly	  penetration	  of	   the	  Reykjanes	   ridge	  segment.	  
Progressive	  propagation	  of	  these	  two	  active	  rift	  segments,	  the	  Reykjanes	  ridge	  from	  the	  SW	  
towards	   the	  NE	   and	   the	  Mohns-­‐Aegir	   ridges	   from	   the	  NE	   towards	   the	   SW,	  would	   induce	  
stress	  perturbations	  through	  time	  in	  response	  to	  progressive	  mechanical	  interactions	  of	  the	  
two	  opposing	   stress	   fields	   and	   result	   in	   non-­‐coaxial	   strains.	   The	  model	   thus	   removes	   the	  
need	   for	   transfer	   zones	   due	   to	   basement	   reactivation,	   or	   some	  other	   as	   yet	   unidentified	  
process.	  
A	  progressive	  rotation	  and	  deformation	  in	  a	  relay	  zone	  is	  concordant	  with	  sediment	  
source	   datasets,	   borehole	   analysis,	   and	   volcanic-­‐stratigraphic	   mapping	   on	   the	   European	  
and	   Greenland	   Atlantic	   margins,	   which	   suggest	   that	   a	   topographic	   high	   separated	   the	  
Faroe-­‐Shetland	   Basin	   from	   Kangerlussuaq	   during	   the	   Paleocene-­‐Eocene	   (Ellis	   and	   Stoker	  
2014).	   In	   the	   Ellis	   and	   Stoker	   (2014)	  model,	   the	   topographic	   high	   forms	   an	   inter-­‐rift	   high	  
(relay	  zone)	  as	  a	  result	  of	  a	  dual-­‐rift	  configuration	  where	  a	  NE-­‐propagating	  Reykjanes	  ridge	  
did	  not	  meet	  the	  SW-­‐propagating	  Mohns	  and	  Aegir	  ridges	  in	  the	  Cenozoic,	  leading	  to	  a	  high	  
centred	   on	   the	   Jan	   Mayen-­‐proto	   Iceland	   region.	   This	   (continental)	   high	   divided	  
Kangerlussuaq	  from	  the	  Faroe-­‐Shetland	  Basin	  (FSB)	  until	  the	  eventual	  abandonment	  of	  the	  
Aegir	  Ridge	  in	  favour	  of	  a	  through-­‐going	  link	  between	  the	  Reykjanes	  and	  Kolbeinsey	  Ridge	  
segments	   during	   the	   Eocene	   and	   into	   the	  Miocene.	   Structural	   findings	   here	   support	   this	  
model.	  
Early-­‐forming	   and	   pre-­‐existing	   damage	   surrounding	   evolving	   rift	   systems	   is	  
traditionally	   thought	   to	   control	   the	   distribution	   of	   new	   faults,	   and	   therefore	   the	  
segmentation	  of	  previously	  continuous	  rift	  basins	  along	  the	  NE	  Atlantic	  margins	  (e.g.	  Doré	  
et	   al.,	   1999).	   In	   the	   model	   proposed	   here,	   basin	   segmentation	   occurs	   as	   a	   result	   of	  
obliquely	   oriented	   structures	   that	   represent	   ancillary	   normal	   and	   oblique-­‐slip	   faults	   and	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dikes	   rather	   than	   large-­‐scale	  strike-­‐slip	  systems	  that	  developed	  ahead	  of	   two	  propagating	  
rift	  systems.	  The	  scale	  of	  this	  segmentation	  is	  controlled	  by	  the	  initial	  segmentation	  of	  the	  
developing	   rift	   system,	  which	   is	   in	   turn	   influenced	  by	   the	  emplacement	  of	  magma	  during	  
it’s	   formation	   and	   at	   a	   smaller	   scale	   still,	   the	   mechanical	   stratigraphy	   imposed	   by	   the	  
physical	  properties	  of	  the	  deforming	  host	  volume.	  	  
With	   well-­‐known	   seismic	   imaging	   issues	   within	   basaltic	   sequences	   (Doré	   et	   al.,	  
1997;	  Planke	  et	  al.,	  1999;	  Schutter,	  2003;	  Kimbell	  et	  al.,	  2005;	  Moy	  and	   Imber,	  2009)	  and	  
problems	  regarding	  core	  recovery	  and	  the	  resolution	  of	  flow-­‐scale	  interpretations	  based	  on	  
petrophysical	  measurements	   (Planke,	  1994;	  Yale	  and	  Nieto,	  1995),	   fieldwork	  and	  detailed	  
analysis	  of	  exhumed	  fault	  zones	  in	  basaltic	  sequences	  remains	  the	  best	  way	  to	  investigate	  
the	  segmentation	  of	  faults	  and	  their	  potential	  impact	  on	  fluid	  resource-­‐related	  exploration	  
and	  exploitation	  along	  volcanic	  passive	  margins.	  
	  
	   	   Chapter	  7	  
	   	   	  266	  
Chapter	  7	  
	  
Conclusions	  and	  Further	  Research	  
	  
7.1 Conclusions	  	  
1) Basaltic	   lava	   units	   show	   three	   components	   defined	   by	   the	   relative	   distribution	   and	  
geometry	   of	   vesicles,	   which	   control	   their	   mechanical	   response	   to	   uniaxial	  
compression.	  While	   porosity,	   as	   a	   scalar	   quantity,	   exerts	   a	   strong	   influence	   on	   the	  
strength	  of	  intact	  basalt,	  the	  primary	  control	  on	  intact	  rock	  strength	  is	  the	  geometric	  
anisotropy	  associated	  with	  the	  shape	  of	  pores	  and	  their	  orientation	  with	  respect	  to	  an	  
applied	   stress.	   This	   intact	   lava	   mechanical	   stratigraphy	   imposes	   a	   sub-­‐unit	   scale	  
control	  on	  the	  segmentation	  and	  growth	  of	  fractures:	   initial	  failure	  of	  the	  weak	  base	  
component	   (16	   MPa),	   followed	   by	   the	   top	   (60-­‐80	   MPa)	   before	   eventually	   linkage	  
through	  the	  core	  (110	  MPa).	  
2) Analysis	   of	   the	   geometry	   and	   displacement	   characteristics	   of	   extension	   fractures	   at	  
the	   cm-­‐	   to	   10s-­‐of-­‐metre-­‐scale	   in	   the	   Koa’e	   fault	   system	   show	   path	   geometries	   and	  
displacement-­‐length	   profiles	   consistent	   with	   progressive	   stages	   of	   interaction	   and	  
linkage	   of	   segmented	   fractures.	   Straight,	   convergent,	   divergent	   and	   abutting	   path	  
geometries	   show	   consistent	   extension-­‐mode	   opening,	   indicating	   two	   simultaneous	  
components	  of	  strain:	  a	  regional	  extension	  and	  a	  local	  extension	  associated	  with	  the	  
process	  of	  fracture	  growth	  and	  linkage.	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3) At	   the	   individual	   fracture	   scale,	   the	   geometry	   of	   fractures	   is	   controlled	   by	   the	  
anisotropy	   of	   the	   deforming	   lava,	   the	   pre-­‐existing	   joint	   network,	   and	   the	   varying	  
intact	  strength	  properties	  of	  the	  lava.	  The	  distribution	  of	  surface	  fractures	  is	  driven	  by	  
stresses	  associated	  with	  fault	  growth	  at	  depth.	  
4) Analysis	   of	   the	   geometry	   and	   displacement	   characteristics	   of	   normal	   faults	   at	   the	  
100s-­‐of-­‐metre	   to	  1	  km-­‐scale	   in	   the	  Koa’e	   fault	   system	  and	  Krafla	   fissure	   swarm	  also	  
show	   path	   geometries	   and	   displacement-­‐length	   profiles	   consistent	  with	   progressive	  
stages	  of	  interaction	  and	  linkage	  of	  segmented	  faults.	  
5) Extensional	   strains	   in	   the	   Koa’e	   fault	   system	   are	   characterised	   by	   a	   combination	   of	  
surface-­‐breaking	   normal	   faults	   (displacement	   <15	   m)	   and	   blind	   normal	   faults	  
associated	  with	  flexure	  of	  the	  ground	  surface.	  In	  the	  Krafla	  fissure	  swarm,	  extensional	  
strains	   are	   dominated	   by	   surface-­‐breaking	   normal	   faults	  with	   displacements	   >	   15m,	  
implying	  faults	  are	  in	  a	  more	  advanced	  stage	  of	  development.	  
6) The	  initial	  distribution	  of	  rift	  faults	  in	  both	  fault	  systems	  is	  likely	  to	  be	  determined	  by	  
dike	  tip-­‐related	  stresses	  at	  depth.	  Their	  subsequent	  propagation	  is	  strongly	  influenced	  
by	   the	   strain	   rate	  within	  each	   system,	  and	   facilitated	  by	  a	  mechanically	   layered	  and	  
anisotropic	   volume.	   The	   fault	   population	   in	   Iceland	   coincides	  with	   a	  plate	  boundary	  
setting	  where	  magma	  supply	  rates	  (and	  corresponding	  strain	  rates)	  are	  higher	  and	  the	  
deforming	   sequence	   contains	   significant	   quantities	   of	   weak	   hyaloclastite	   and	   large	  
fluid	   volumes	   that	   help	   lower	   the	   required	   driving	   stresses	   to	   cause	   failure,	   and	  
repeated	   fault	   slip.	   Fault	   slip	   throughout	   the	   Koa’e	   system	   is	  more	   difficult	   to	   drive	  
with	  lower	  magma	  supply	  rates,	  spatially	  limited	  dike	  emplacement	  and	  a	  sequence	  of	  
dominantly	  dry	  lavas.	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7) The	   formation	   and	   propagation	   of	   faults	   in	   basaltic	   sequences,	   and	   resulting	  
geometries	   and	   kinematics,	   cannot	   be	   predicted	   by	   models	   that	   assume	   in-­‐plane	  
propagation	  of	  a	  structure	  through	  a	   linear	  elastic,	   isotropic,	   isothermal	  volume	  that	  
undergoes	  constant	  and	  uniform	  boundary	  stress	  conditions.	  	  	  
8) At	  all	  scales,	  there	  are	  no	  instances	  of	  rift-­‐normal	  strike-­‐slip	  (transfer)	  faults	  within	  the	  
Koa’e	   fault	   system,	   or	   the	   Krafla	   fissure	   swarm:	   each	   fault/fracture	   set	   in	   these	   rift	  
zones	  accommodate	  a	  unique	  extension	  direction.	  Oblique	  extension	  is	  only	  observed	  
on	   discontinuous	   faults	   located	   at	   the	   lateral	   terminations	   of	   rift	   faults.	   Their	  
orientations	   and	   kinematics	   are	   consistent	   with	   the	   progressive	   mechanical	  
interaction	   of	   the	   bounding	   fault	   stress	   fields,	   which	   has	   resulted	   in	   incremental	  
inelastic	  deformation	   that	   follow	  modified	  stress	   trajectories	  and	  accommodate	  non	  
co-­‐axial	  strain.	  	  
9) Interpretations	   of	   local	   mechanical	   interaction-­‐induced	   stresses	   and	   resultant	   3D	  
strains	   have	   implications	   for	   larger	   scale	   investigations	   of	   en	   echelon	   rift	   systems.	  
Break-­‐up	   related	   extension	   in	   the	   NE	   Atlantic,	   which	   is	   traditionally	   thought	   to	   be	  
accommodated	  by	  margin-­‐parallel	  (NE-­‐SW)	  normal	  faults	  and	  margin-­‐normal	  (NW-­‐SE)	  
strike-­‐slip	   “transfer	   zone	   faults”,	   instead	   records	   progressive	   counter-­‐clockwise	  
rotation	  of	  extension	  direction	  during	  the	  Cenozoic,	  prior	  to	  and	  during	  break	  up.	  
10) Structural	   sets	   along	   the	   European	   and	  North	   American	  margins	   (Faroe	   Islands	   and	  
Kangerlussuaq,	  E	  Greenland)	  are	  consistent	  with	  ancillary	  fault	  and	  fracture	  sets	  and	  
inferred	   progressive	   stress	   rotations	   that	   were	   mapped	   in	   the	   relay	   zone	   of	   en	  
echelon	  rift	  faults	  in	  Krafla.	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11) It	   is	   proposed	   that	   NW-­‐SE	   trending	   transfer	   zone	   fault	   lineaments	   along	   the	   NE	  
Atlantic	   margin	   structures	   represent	   sub-­‐basin	   scale	   normal	   and	   oblique-­‐slip	   faults	  
and	   dikes	   rather	   than	   large-­‐scale	   strike-­‐slip	   systems.	   These	   structural	   sets	   are	  
attributed	   to	   an	   evolving	   stress	   field	   ahead	   of	   two	   active	   rift	   systems:	   a	   NE-­‐
propagating	  Reykjanes	  ridge,	  and	  a	  SW-­‐propagating	  Aegir	  ridge	  from	  the	  NE.	  
7.2 Further	  Research	  
	  
7.2.1 Rock	  Strength	  Anisotropy	  	  
Experimental	   data	   gathered	   in	   Chapter	   3	   has	   shown	   a	   significant	   variation	   in	   the	   strength	  
profile,	   indicating	   that	   studies	   using	   very	   low	   porosity	   lava	   components	   will	   not	   be	  
representative	  of	   the	  whole	   lava	  unit.	  Additionally,	   results	   identify	   pore	   shape	  as	   a	  primary	  
control	   on	   rock	   strength;	   potentially	   more	   important	   than	   porosity	   as	   a	   scalar.	   This	   is	  
important	  for	  models	  of	  volcanic	  flank	  stability,	  where	  parameters	  are	  typically	  derived	  from	  
tests	  on	  isotropic,	  low	  porosity	  basalts	  (porosities	  of	  1-­‐4%).	  The	  amount	  of	  open	  pore	  space	  in	  
the	   rock	   has	   been	   shown	   to	   control	   elastic	   properties,	   and	   the	   ultimate	   strength	   of	   the	  
material;	  pore	  shape	  has	  a	  similar	  control	  on	  elastic	  properties,	  and	  it	  is	  therefore	  important	  
to	  consider	  these	  effects	  when	  “upscaling”	  to	  consider	  the	  volcanic	  edifice	  as	  a	  whole.	  Further	  
possible	  work	  in	  this	  area	  can	  be	  split	  into	  the	  following	  questions:	  
	  
1) What	  is	  the	  role	  of	  pore	  volume	  in	  controlling	  rock	  strength?	  Testing	  of	  synthetic	  samples	  
with	   a	   known	   (isotropic	   and	  homogenous)	   porosity	   and	   additional	   lava	   unit	   samples	  will	  
allow	   systematic	   and	   quantitative	   characterisation	   of	   the	   role	   of	   void	   volume	   on	   the	  
mechanical	   response	   of	   porous	   solids	   under	   an	   applied	   compression.	   	   Characterising	   3D	  
porosity	   of	   natural	   samples	   should	   be	   addressed	   using	   high-­‐resolution	   X-­‐ray	   Computed	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Tomography	  (CT)	  scanning	  to	  determine	  the	  distribution	  and	  size	  population	  of	  voids.	  For	  
synthetic	   samples,	   the	   pore	   size	   and	   distribution	   can	   be	   controlled	   during	   the	  
manufacturing	   process.	   Results	   would	   provide	   a	   well-­‐constrained	   range	   of	   elastic	   and	  
mechanical	   properties	   for	   a	   range	   of	   void	   volumes	   to	   compare	   with	   natural	   samples.	  
Additional	  testing	  of	   lava	  unit	  top	  and	  core	  components	  using	  a	  greater	  number	  of	   larger	  
(100	  mm	  diameter)	  samples	  would	  minimise	  any	  potential	  size	  effects	  from	  large	  vesicles.	  
Tests	   should	  be	  conducted	  using	   the	  4.6	  kN	  MTS®	   triaxial	   rock	  deformation	  apparatus	  at	  
the	  Rock	  Deformation	  Lab	  at	  the	  British	  Geological	  Survey,	  currently	  the	  only	  unit	  in	  the	  UK	  
capable	  of	  testing	  the	  100	  mm	  diameter	  samples.	  Tests	  could	  be	  conducted	  at	  a	  range	  of	  
confining	   pressures,	   and	   low	   temperatures,	   to	   simulate	   the	   role	   of	   pressure	   and	  
temperature	  in	  the	  upper	  crust	  (0-­‐5	  km).	  	  
	  
2) What	  is	  the	  role	  of	  pore	  shape	  in	  controlling	  rock	  strength?	  Systematic	  testing	  of	  synthetic	  
samples	   with	   a	   known,	   anisotropic,	   porosity	   will	   isolate	   the	   role	   of	   void	   geometry	   as	   a	  
control	   on	   the	   brittle	   strength	   of	   porous	   materials.	   The	   same	   test	   conditions	   could	   be	  
applied	   to	  manufactured	   samples	  with	   varying	   aspect	   ratio	   voids	   and	  additional	   samples	  
from	  the	  anisotropic	  base	  component	  of	  lavas.	  Characterising	  the	  3D	  geometries	  of	  voids	  in	  
natural	  samples	  can	  also	  be	  addressed	  using	  high-­‐resolution	  X-­‐ray	  Computed	  Tomography	  
(CT)	   scanning.	   For	   synthetic	   samples,	   the	   void	   geometries	   will	   be	   controlled	   during	   the	  
manufacturing	   process.	   Conducting	   tests	   (on	   both	   natural	   and	   synthetic	   samples)	   at	   a	  
range	  of	  inclination	  angles	  between	  the	  applied	  σ1	  direction	  and	  the	  long	  axis	  of	  ellipsoidal	  
voids	  will	  show	  how	  the	  strength	  of	  a	  curved	  surface	  under	  compression	  varies.	  We	  might	  
expect	   the	   rock	   strength	   to	   progressively	   decrease	   from	   a	   maximum	   value	   when	   σ1	   is	  
parallel	  to	  the	  void	  long-­‐axis	  (i.e.	  the	  maximum	  curvature),	  to	  a	  minimum	  strength	  when	  σ1	  
is	   oriented	   perpendicular	   to	   the	   void	   long-­‐axis	   (i.e.	   the	   minimum	   curvature).	   Numerical	  
modelling	  of	   irregular	  void	   shapes	   to	  produce	   the	  3D	  stress	  distributions	  associated	  with	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different	   void	   volumes	   could	   be	   conducted	   to	   model	   geometries	   that	   are	   a	   closer	  
representation	  of	  the	  often	  irregular	  and	  amalgamated	  vesicles	  in	  natural	  lava	  samples.	  
	  
3) What	  is	  the	  effect	  of	  stress	  cycling	  on	  anisotropic	  rocks?	  Volcanic	  flanks	  and	  rift	  systems	  
are	   known	   to	   undergo	   cyclic	   stressing,	   related	   to	   repeated	  magma	   intrusion	   and	   rifting	  
episodes.	   Such	   stress	   conditions	   are	   typically	   represented	   in	   numerical	   models	   as	   being	  
isotropic	   and	   homogenous	   (i.e.	   uniformly	   applied	   and	   constant	   in	   time	   and	  magnitude).	  
Rock	   deformation	   experiments	   investigate	   time-­‐dependent	   brittle	   behaviour	   using	  
increasing-­‐amplitude	  cyclic	  stress	  testing	  (uniaxial	  and	  triaxial)	  to	  measure	  the	  evolution	  in	  
elastic	  moduli	  of	   low	  porosity	   (<4%)	  samples	   (e.g.	  Heap	  et	  al.,	  2010,	  2011).	   Initial	   testing	  
could	   recreate	   existing	   test	   conditions,	   but	   applied	   first	   to	   higher	   porosity	   lava	   and	  
synthetic	  samples	  (isotropic	  porosity)	  to	  compare	  with	  those	  results.	  Further	  testing	  would	  
also	  use	  anisotropic	  samples	  and	  data	  could	  be	  plot	  with	   isotropic	   results,	  and	  published	  
data	   to	   establish	   the	   effect	   of	   (isotropic)	   stress	   cycling	   on	   samples	   that	   are	   more	  
representative	   of	   a	   flank	   or	   rift	   sequence.	   Current	   predictions	   expect	   a	   reduction	   in	  
Young’s	  modulus	  from	  about	  30	  GPa	  to	  22	  GPa,	  following	  tens	  of	  cycles	  (Heap	  et	  al.,	  2010).	  
These	  values	  are	  significantly	  less	  diverse	  than	  the	  starting	  properties	  of	  basalts	  presented	  
in	  Chapter	  3	  (i.e.	  about	  26	  GPa	  to	  5	  GPa).	  The	  effect	  of	  increasing	  crack	  damage	  is	  likely	  to	  
be	   underestimated	   for	   these	   samples,	   compared	   with	   the	   naturally	   variable	   lava	  
components.	   New	   tests	   could	   also	   attempt	   to	   replicate	   the	   naturally	   anisotropic	   and	  
heterogeneous	   stress	   conditions	  affecting	  volcanic	   flanks	  and	   rift	   systems,	   resulting	   from	  
varying	  magnitude,	  timing	  and	  distribution	  of	  magma	  intrusions.	  Conducting	  tests	  under	  a	  
varying	   load	  and	  changing	  the	  amplitude	  and	   length	  of	  cycles	  would	  produce	  results	  that	  
closer	  represent	  a	  natural	  system	  and	  provide	  values	  that	  could	  not	  only	  inform	  models	  of	  
fault	   growth	   in	   basaltic	   sequences	   but	   also	   be	   used	   in	   volcano-­‐tectonic	  models	   of	   flank	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stability	   and	   seismicity.	   Results	   are	   likely	   to	   show	   that	   current	   predictions	   vastly	  
overestimate	  the	  strength	  of	  lavas.	  
	  
Addressing	   these	   questions	   would	   have	   broad	   ranging	   implications,	   not	   only	   for	   volcano-­‐
tectonic	   modelling	   and	   hazard	   prediction	   but	   also	   our	   understanding	   of	   lava-­‐hosted	   fault	  
growth.	   Experimental	   results,	   coupled	   with	   further	   field	   studies	   (and	   possibly	   analogue	  
modelling,	   see	   section	   7.2.3)	   in	   Hawai’i,	   Iceland	   and	   the	   Faroe	   Islands	   to	   characterize	   fault	  
zone	  architecture	  as	  a	  function	  of	  displacement	  and	  lithological	  components	  will	  constrain	  the	  
effects	   of	   mechanical	   stratigraphy	   within	   basalt	   lava	   piles,	   on	   fault	   nucleation	   and	  
propagation.	  
	  	  
7.2.2 Crack	  Propagation	  in	  Porous	  Solids	  
Current	  models	  of	  brittle	   failure	   in	  porous	  solids	  under	  compression	  show	  concentrations	  of	  
tensile	  stresses	  at	   the	  north	  and	  south	  poles	  of	  pores	  or	  voids,	  which	   induces	  microcracking	  
and	  redistributes	  stress	  into	  the	  surrounding	  intact	  rock	  (Sammis	  and	  Ashby,	  1986;	  Ingraffea,	  
1989).	   	   Cracks	   are	   predicted	   to	   grow	   in	   a	   direction	   parallel	   to	   the	   applied	   maximum	  
compression,	  with	   an	   increasing	   load,	   until	   cracks	   reach	   a	   critical	   length	  where	   their	   stress	  
fields	  begin	  to	   interact.	  At	  this	  stage,	  coalescence	  of	   individual	  pore-­‐crack	  arrays	   lead	  to	  the	  
formation	   of	   through-­‐going	   fractures	   and	   brittle	   failure.	   Vesicles	   in	   basalts	   are	   predicted	   to	  
behave	  in	  the	  same	  manner	  by	  concentrating	  tensile	  stresses	  at	  the	  north	  and	  south	  poles	  and	  
lowering	   the	   differential	   stress	   required	   to	   cause	   catastrophic	   failure	   (Heap	   et	   al.,	   2014).	  
Macrofractures	  are	  predicted	  to	  propagate	  out	  from	  and	  link	  individual	  vesicles,	  parallel	  to	  the	  
applied	  compressive	  stress	  direction.	  
Analysis	   of	   X-­‐ray	   CT	   scans	   of	   lava	   samples	   that	   were	   tested	   in	   Chapter	   3	   has	   not	  
revealed	   instances	  of	  cracks	  propagating	  from	  the	  north	  and	  south	  poles	  of	  vesicles.	   Instead	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fractures	   occur	   at	   the	   side	   edges	   of	   vesicles,	   usually	   converging	   towards	   a	   neighbouring	  
vesicle.	   This	   inconsistency	   in	   propagation	   pathway	   implies	   that	   the	   process	   is	   more	  
complicated	   than	  existing	  models	  predict,	  and	   that	   the	  distribution	  of	  mechanical	   inclusions	  
(vesicles	   in	  this	   instance)	  and	   locally	  amplified	  stresses	  may	  be	   important	   influences	  on	  rock	  
failure.	   Further	   analysis	   of	   the	   3D	   distributions	   and	   geometries	   of	   cracks	   and	   vesicles	   is	  
required	   to	   understand	   their	   potential	   interaction	   and,	   ultimately,	   brittle	   failure	   of	   porous	  
materials.	  	  
The	  pore-­‐emanating	  crack	  model	  may	  be	  valid	  for	  dilute	  porosities	  (<5-­‐10%	  according	  
to	   Rice,	   1997),	   where	   void	   spacing	   is	   great	   relative	   to	   their	   size.	   For	   higher	   porosities	   (and	  
small	  pore-­‐pore	  distances),	  the	  stress	  concentrations	  associated	  with	  vesicles	  are	  less	  critical	  
in	   the	   nucleation	   of	   microcracks	   than	   the	   stress	   field	   interaction	   and	   resulting	   stress	  
amplification	   in	   the	   neck	   regions	   between	   neighbouring	   vesicles.	   This	   fits	   well	   with	  
observations	  of	  pore-­‐stress	  concentrations	  in	  porous	  ceramic	  materials	  (under	  tensile	  loading)	  
In	  this	  model,	  void	  stress	  concentrations	  have	  a	  limited	  effect	  on	  the	  mechanical	  behaviour	  of	  
the	  material	   and	   it	   is	   local	   stress	   perturbations,	   coupled	  with	   the	   failure	  of	   fewer	   elements	  
that	  promotes	  failure	  in	  the	  absence	  of	  increasing	  load.	  
CT	   scanning	   of	   samples	   (natural	   and	   manufactured),	   and	   comparison	   of	   scan	   data	  
before	   and	   after	   uniaxial	   and	   triaxial	   strength	   tests	   could	   be	   used	   to	   constrain	   the	   role	   of	  
porosity	   and	   shape	  on	   the	  distribution	  of	   stress	  within	  porous	  materials	   and	   their	   strength.	  
Numerical-­‐based	   modelling	   of	   vesicle	   geometry	   and	   distribution	   may	   provide	   useful	  
predictions	   and	   comparisons	   of	   the	   magnitude	   and	   configuration	   of	   stresses	   surrounding	  
closely	  spaced	  vesicles	  versus	  the	  stresses	  generated	  by	  isolated	  vesicles.	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7.2.3 Numerical	  and	  Scaled	  Analogue	  Modelling	  
	  
Current	  interpretations	  of	  normal	  fault	  growth	  in	  basaltic	  sequences	  are	  based	  on	  2D	  analytical	  
solutions	  and	  scaled	  analogue	  models.	  Numerical-­‐based	  simulations	  involve	  deformation	  of	  a	  
linear	   elastic,	   isotropic,	   isothermal,	   semi-­‐infinite	   continuum	   volume	   under	   isotropic	   and	  
homogenous	  loading	  conditions.	  Faults	  are	  treated	  as	  fixed,	  planar,	  frictionless	  structures	  that	  
are	   infinite	   in	   their	   lateral	   dimension.	   Models	   provide	   first	   order	   estimates	   of	   the	   stress	  
distribution	   surrounding	   two	   en	   echelon	   faults	   (or	   extension	   mode	   fractures)	   with	   varying	  
overlap	  separations.	  However,	  they	  cannot	  predict	  the	  effects	  of:	  (1)	  spatially	  and	  temporally	  
variable	   syn-­‐tectonic	   magmatism;	   (2)	   a	   mechanically	   anisotropic	   sequence;	   or	   (3)	   local,	  
interaction-­‐induced	  stress	  distributions.	  Each	  of	  these	  has	  been	  shown	  to	  be	  influential	  in	  the	  
Koa’e	  and	  Krafla	  fault	  systems.	  
Recent	   scaled	   analogue	   modelling	   have	   provided	   a	   good	   estimation	   of	   upward	  
propagating	   faults	   in	   both	   a	   homogenous	   sequence	   using	   hemihydrate	   powder	   with	   a	  
measured	   cohesion	   and	   tensile	   strength	   (e.g.	   Holland	   et	   al.,	   2006)	   and	  multilayer	   sequence	  
using	  hemihydrate	  powder	  interlayered	  with	  cohesionless	  sand	  (Van	  Gent	  et	  al.,	  2010).	  While	  
this	  is	  a	  closer	  step	  to	  understanding	  fault	  growth	  in	  basaltic	  sequences,	  fault	  geometries	  and	  
extent	  are	  fixed	  and	  controlled	  by	  the	  configuration	  of	  the	  experimental	  set	  up.	  They	  do	  not	  
reproduce	   overlapping	   fault	   geometries	   and	   therefore	   do	   not	   provide	   any	   insight	   into	   the	  
evolution	  or	  distribution	  of	  3-­‐D	  strains	  surrounding	  fault	  tips.	  Subsequently,	  they	  predict	  some,	  
but	  not	  all,	   of	   the	   surface	  deformation	   that	  has	  been	  observed	   in	   the	  Koa’e	  and	  Krafla	   fault	  
systems.	  
Designing	   an	   analogue	   experimental	   procedure	   that	   is	   capable	   of	   modelling	   the	  
progressive	   growth	   of	   segmented	   faults	   with	   boundary	   conditions	   that	   replicate	   the	   syn-­‐
tectonic	   volume	   change	   that	   occurs	   during	   episodic	   rifting	   events	   could	   produce	   closer	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approximations	   extensional	   strains	   and	   further	   improve	   our	   understanding	   of	   fault	   growth.	  
This	  could	  be	  achieved	  by	  testing	  a	  combination	  of	  the	  following:	  
1) Deformable	   boundaries:	   This	   would	   produce	   a	   controlled	   but	   heterogeneous	   stress	  
that	  could	  additionally	  be	  applied	  at	  a	  constant	  or	  non-­‐constant	  rate,	  to	  consider	  the	  
effect	  of	  lateral	  and	  temporal	  strain	  rate	  on	  fault	  geometry.	  
2) Mechanical	   layering:	   A	   deforming	   sequence	   of	   mechanically	   variable	   layers,	   where	  
layers	   would	   also	   be	   laterally	   and	   vertically	   variable	   in	   thickness	   to	   replicate	   the	  
variable	  architecture	  of	  lavas.	  
3) En	   echelon	   faults:	   Faults	   that	   are	   arranged	  en	   echelon,	   rather	   than	   fixed	   across	   the	  
length	  of	  the	  box,	  could	  also	  be	  designed	  to	  propagate	  towards	  each	  other	  through	  the	  
anisotropic	   sequence,	   under	   heterogeneous	   and	   anisotropic	   boundary	   conditions.	  
Testing	  different	   separation	  distances	  could	  also	  be	  used	   to	   study	   the	  effects	  on	   the	  
orientations	  of	  the	  incremental	  inelastic	  strains	  that	  develop	  ahead	  of	  their	  lateral	  tips.	  
Numerical	  modelling	  could	  also	  be	  used	  to	  investigate	  whether	  oblique	  slip	  on	  a	  fault	  at	  depth	  
will	  induce	  fractures	  with	  extensional-­‐shear	  openings	  ahead	  of	  the	  tip.	  In	  southern	  Iceland,	  for	  
example,	   arrays	   of	   left-­‐	   and	   right-­‐stepping	   en	   echelon	   extension	   mode	   fractures	   are	  
interpreted	   to	   be	   related	   to	   right-­‐	   and	   left-­‐lateral	   components	   of	   slip	   on	   normal	   faults	   at	  
depth,	  respectively	  (Grant	  and	  Kattenhorn,	  2004).	  	  Kinematic	  data,	  however,	  are	  not	  presented	  
for	   these	   structures,	   and	   they	   are	   simply	   referred	   to	   as	   fractures.	   It	   is	   unclear	   therefore,	  
whether	   oblique	   slip	   at	   depth	   also	   takes	   place	   at	   the	   surface,	   or	   whether	   fractures	  
demonstrate	  extensional-­‐openings.	  It	  is	  an	  assumption	  to	  assume	  they	  have	  extensional-­‐shear	  
kinematics.	  	  
Similar	   issues	  are	  also	  apparent	   in	  the	  work	  of	  Hjartardöttir	   (2010)	  where	  rift-­‐normal	  
(WNW-­‐ESE)	   trending	   fracture	   lineaments	   that	   are	   observed	   in	   satellite	   data	   are	   assumed	   to	  
accommodate	  a	  strike-­‐slip	  offset	  between	  en	  echelon	  volcanic	  systems.	  Fractures	  in	  the	  same	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orientation	   in	   the	   study	  area	   in	  Chapter	  6	   show	  purely	  extensional	  opening,	  highlighting	   the	  
importance	   of	   field	   data.	   Studies	   that	   involve	   remote	   sensing-­‐based	   mapping	   of	   fracture	  
networks	  are	  unable	  to	  resolve	  kinematic	  information	  and	  are	  only	  able	  to	  provide	  orientation	  
and	   geometric	   information.	   Without	   careful,	   and	   high-­‐resolution	   field	   data	   collection	   data	  
pertaining	  to	  the	  minor,	  sub-­‐image-­‐resolution,	  structures,	  their	  possible	  timings	  and	  kinematic	  
nature	   will	   be	   missed	   and	   a	   kinematic	   and	   geometric	   evolution	   cannot	   be	   established.	   A	  
combination	   of	   analogue	   and	   numerical	   modelling,	   coupled	   with	   further	   field	   observations,	  
will	  greatly	  expand	  our	  understanding	  of	  the	  kinematic	  evolution	  of	  segmented	  faults	  and	  their	  
role	  in	  rift	  development	  and	  fluid	  flow.	  
	  
7.2.4 The	  Role	  of	  Cooling	  Joints	  in	  Normal	  Fault	  Growth	  
Existing	  observations	  of	  normal	   faults	   in	  basaltic	   sequences	  have	   led	   to	   the	  assumption	   that	  
faults	  will	  initiate	  from	  pre-­‐existing	  cooling	  joints	  internal	  to	  the	  lava	  units	  (e.g.	  Gudmundsson	  
and	  Backstrom,	  1991;	  Gudmundsson,	  2011).	  The	  architecture	  of	  basalt-­‐hosted	  faults	  is	  thought	  
to	  be	  controlled	  by	  the	  distribution	  and	  geometry	  of	  these	  pre-­‐existing	  cooling	  joints,	  which	  in	  
turn	  control	   the	   surface	  expression	  of	   faults	  and	   faciliates	   folding	  and	   fault	   zone	  asymmetry	  
(Crider,	  2015).	  The	  scale	  and	  distribution	  of	  joints	  are	  controlled	  by	  the	  cooling	  rate	  of	  the	  lava;	  
joints	  are	  shorter	  and	  more	  closely	  spaced	  in	  the	  top	  and	  base	  of	  a	  lava	  where	  cooling	  is	  rapid,	  
and	   larger	   and	  more	  widely-­‐spaced	   in	   the	   core	  where	   cooling	   is	   slower	   (DeGraff	   and	  Aydin,	  
1987;	   Crider,	   2015).	   Thus,	   the	   distribution	   and	   continuity	   of	   joints	   varies	   significantly	   both	  
within,	  and	  between	  lavas.	  Evaluation	  of	  the	  rock	  mass	  properties	  of	  basalt	  has	  highlighted	  the	  
significant	   weakening	   effects	   caused	   by	   the	   presence	   of	   these	   joints	   (Schultz,	   1993,	   1995).	  
Theoretical	  studies	  of	  fault	  growth	  in	  a	  lava	  pile	  suggest	  that	  faults	  will	  develop	  when	  a	  set	  of	  
cooling	  joints	  become	  inclined	  with	  respect	  to	  the	  principal	  stress	  planes	  during	  burial	  (due	  to	  
lava	  flow	  accumulation	  and/or	  rotation	  with	  fault	  slip)	  and	  are	  thus	  subject	  to	  shear	  stresses.	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Alternatively,	  faults	  may	  develop	  when	  an	  extension	  fracture	  (which	  also	  initiates	  from	  joints	  
at	  the	  free	  surface)	  reaches	  a	  critical	  depth	  that	  is	  determined	  by:	  
𝑍!"# =   3𝑇!𝜌𝑔 	  
Where:	  
T0	   is	   the	  tensile	  strength,	  ρ	   is	   the	  density	  of	   the	   lava	  pile	  and	  g	   is	   the	  acceleration	  of	  gravity	  
(Gudmundsson	  and	  Backstrom,	  1991;	  Gudmundsson,	   1992,	   2011).	   	   Zmax	   is	   thought	   to	   lie	   in	  
the	  range	  133-­‐799	  m	  for	  a	  density	  of	  2300	  kg	  (Gudmundsson	  and	  Backstrom,	  1991).	  Joints	  in	  
lavas	  are	  comparable	  to	  en	  echelon	  extension	  fractures;	  a	  normal	  fault	  developing	  from	  a	  joint	  
does	  not	  propagate	  in	  it’s	  own	  plane	  through	  the	  sequence,	  but	  through	  the	  development	  and	  
linkage	  of	  extension	  fractures	  around	  the	  joint	  tips	  (Gudmundsson	  and	  Backstrom,	  1991).	  The	  
formation	  of	  a	  through-­‐going	  normal	  fault	  is	  therefore	  governed	  by	  the	  intact	  strength	  of	  the	  
lava	   surrounding	   the	   joint	   tips	   and	   the	   shear	   strength	   of	   the	   asperities	   of	   contact	   on	   joint	  
surfaces	  for	  repeated	  slip.	  
It	   is,	   however,	   important	   to	   recognize	   that	   these	   models	   are	   not	   well-­‐evidenced	   in	  
field	  characterisation.	  Walker	  et	  al.	   (2011;	  2013)	   show	  that	   fault	   zones	   representative	  of	  1-­‐3	  
km	   depth,	   provide	   evidence	   that	   although	   joints	   are	   reactivated,	   faults	   cut	   through	   intact	  
portions	  of	  the	  volcanic	  pile.	  This	  empirical	  observation	  should	  be	  accounted	  for.	  It	  is	  possible	  
that	   the	   idealised	   flat	   joint	   surface	   used	   in	   models	   is	   an	   oversimplification:	   natural	   joint	  
surfaces	   are	   highly	   irregular,	   discontinuous,	   weathered,	   and	   sometimes	   mineralised.	   The	  
models	   assume	   cohesionless	   structures,	   but	   this	  may	   not	   be	   true	   in	   the	   subsurface,	  making	  
joint	  strength	  an	  important	  material	  parameter	  when	  considering	  fault	  development.	  Further	  
work	   on	   this	   subject	  would	   benefit	   from	  additional	   field	   study	   of	   the	   relationships	   between	  
cooling	  joints	  and	  faults	  that	  developed	  in	  lavas	  at	  depths	  >1	  km	  (e.g.	  the	  Faroe	  Islands).	  This	  
would	   be	   complimented	   by	   experimental	   characterisation	   of	   healing	   and	   sealing	   times	   for	  
natural	   or	   artificial	   joints	   surfaces,	   and	   the	   frictional	   strength	   of	   naturally-­‐formed,	   irregular	  
joints.	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Appendix	  I	  
	  
	  
1.1. Methodology	  and	  Full	  Results:	  Porosity	  and	  Density.	  
	  
Once	  cored	  and	  surface-­‐ground,	  samples	  were	  placed	  in	  an	  oven	  for	  approximately	  24	  hours	  at	  
105oC	  to	  dry	  off	  any	  moisture	  gathered	  during	  the	  preparation	  process.	  Using	  a	  set	  of	  precision	  
scales,	   the	   grain	   mass	   	   (Ms)	  was	  measured	   for	   each	   sample,	   taken	   as	   the	   equilibrium	  mass	  
after	  oven	  drying.	  Samples	  were	  measured	  and	  stored	  in	  a	  desiccator	  with	  an	  airtight	  lid	  during	  
cooling.	   Following	   this,	   bulk	   volume	   (V)	   was	   obtained	   using	   a	   set	   of	   micrometre	   callipers,	  
accurate	   to	   0.01	   mm.	   For	   each	   sample	   five	   measurements	   of	   length	   and	   diameter	   were	  
recorded	   and	   averaged	   to	   obtain	   a	   single	   reading	   with	   high	   accuracy.	   Alternatively,	   bulk	  
volume	  may	  be	  determined	  using	  the	  buoyancy	  method,	  based	  on	  Archimedes	  Principle.	  
Equation	  1.	  
𝑽 = (𝑴𝒔𝒂𝒕 −   𝑴𝒔𝒖𝒃)𝝆𝒘𝒂𝒕𝒆𝒓   	  
Where	  𝑴𝒔𝒂𝒕  =	  Saturated,	  surface	  dry	  grain	  mass	  𝑴𝒔𝒖𝒃	  =	  Saturated,	  submerged	  grain	  mass	  𝝆𝒘𝒂𝒕𝒆𝒓	  =	  Density	  of	  water	  
	  
With	  bulk	  volume	  and	  grain	  mass	  for	  each	  sample,	  we	  were	  able	  to	  calculate	  the	  Dry	  density	  	  
(ρd):	  
Equation	  2.	  	   𝝆𝒅 = (𝑴𝒔)𝑽 	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Where	  𝑴𝒔	  =	  Grain	  mass	  𝑽	  =	  Bulk	  volume	  
	  
The	  pore	   volume	   (Vv),	   requires	   the	  grain	  mass	   (Ms)	  of	   each	   sample	   to	  be	   subtracted	   from	  a	  
saturated,	   surface-­‐dry	   grain	   mass	   parameter	   (Msat);	   this	   is	   typically	   measured	   along	   with	   a	  
saturated,	   submerged	   grain	   mass	   (Msub)	   parameter.	   Msub	   represents	   the	   saturated	   and	  
submerged	  mass	   after	   a	  period	  of	   immersion	   in	  de-­‐aired,	   distilled	  water	  under	   vacuum	  of	   8	  
mbar	  for	  2	  hours	  with	  periodic	  agitation	  to	  remove	  any	  trapped	  air	  in	  the	  vesicles.	  	  Saturated	  
samples	  were	  transferred	  to	  a	  water	  bath	  containing	  a	  wire	  basket,	  attached	  to	  a	  set	  of	  scales	  
and	   their	   submerged	   mass	   recorded,	   within	   an	   accuracy	   of	   0.001	   g.	   After	   Msub	   has	   been	  
recorded,	  samples	  are	  dried	  with	  a	  cloth	  to	  remove	  surface	  water.	  Msat	  may	  then	  be	  measured	  
using	   a	   set	   of	   scales	   to	  within	   an	   accuracy	  of	   0.001	   g.	  However,	   due	   to	   the	  high	  number	  of	  
large,	  open	  pore	  spaces	   in	  our	  samples,	   it	   is	  possible	  that	  the	  water	  would	  drain	  out	  rapidly,	  
rendering	  this	  method	  unsuitable.	  Instead,	  bulk	  volume	  was	  calculated	  using	  a	  calliper	  method	  
and	  rearranged	  Equation	  1	  to	  obtain	  Msat.	  
Equation	  3:	   𝑴𝒔𝒂𝒕 = 𝑽  ×  𝝆𝒘𝒂𝒕𝒆𝒓 +   𝑴𝒔𝒖𝒃	  
	  
Where	  
	  𝑽  =	  Bulk	  volume	  𝝆𝒘𝒂𝒕𝒆𝒓	  =	  Density	  of	  water	  𝑴𝒔𝒖𝒃	  =	  Saturated,	  submerged	  grain	  mass	  
	  
	  
The	  equation	  for	  volume	  of	  pore	  space	  in	  the	  rock	  sample	  then	  becomes:	  
	  
Equation	  4:	  	  
𝑽𝒗 = (𝑴𝒔𝒂𝒕 −   𝑴𝒔)𝝆𝒘𝒂𝒕𝒆𝒓 	  
Where	  𝑴𝒔𝒂𝒕	  =	  Saturated,	  surface	  dry	  grain	  mass	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𝑴𝒔	  =	  Grain	  mass	  
	  𝝆𝒘𝒂𝒕𝒆𝒓	  =	  Density	  of	  water	  
	  
	  
Effective	  porosity	  	  (P),	  or	  the	  proportion	  of	  voids	  per	  unit	  of	  total	  volume	  becomes:	  
	  
Equation	  5:	  
𝑷 =   𝑽𝒗𝑽   ×  𝟏𝟎𝟎	  
	  
Where	  
	  𝑽𝒗	  =	  Pore	  volume	  𝑽	  =	  Bulk	  volume	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Table	  1.	  Tested	  sample	  dimensions	  and	  physical	  properties	  (mass,	  density	  and	  effective	  porosity).	  N.B	  Only	  samples	  with	  directionality	  (H/V:	  horizontal/vertical)	  were	  tested	  
for	  UCS,	  Young’s	  modulus	  and	  Poisson’s	  ratio,	  other	  samples	  were	  offcut	  pieces	  unsuitable	  for	  testing.	  
	  
Flow	  Location	   Dimension	   Mass	  (g)	   Density,	  Mg/m3	   Porosity	  
Upper	  unit	  
top	  
Sample	   Volume	  (m³)	  Total	  
Volume	  (m³)	  
Solids	  
Volume	  (m³)	  
Voids	   Oven	  Dry	  
Saturated	  
under	  water	  
Saturated	  
surface-­‐dry	   Dry	   Particle	  
Effective	  
porosity	  %	  
KUA3B/H	   0.00009369	   0.00006871	   0.00002498	   202.10	   133.39	   227.08	   2.16	   2.94	   26.66	  
KUA3B/V1	   0.00007609	   0.00005904	   0.00001705	   166.58	   107.54	   183.63	   2.19	   2.82	   22.41	  
KUA3B/V2	   0.00007380	   0.00005653	   0.00001727	   161.26	   104.73	   178.53	   2.19	   2.85	   23.40	  
KUA3A/H1	   0.00007504	   0.00005388	   0.00002116	   159.84	   105.96	   181.00	   2.13	   2.97	   28.20	  
KUA3A/H2	   0.00007491	   0.0000521	   0.00002281	   157.68	   105.58	   180.49	   2.10	   3.03	   30.45	  
KUA3A/V2	   0.00007354	   0.00005195	   0.00002159	   153.83	   101.88	   175.42	   2.09	   2.96	   29.36	  
KUA3A	   0.00001341	   0.00001047	   0.00000294	   28.17	   17.70	   31.11	   2.10	   2.69	   21.94	  
KUA3A	   0.00002245	   0.00001669	   0.00000576	   48.73	   32.04	   54.49	   2.17	   2.92	   25.66	  
KUA3A	   0.00003394	   0.00002548	   0.00000846	   72.59	   47.11	   81.05	   2.14	   2.85	   24.93	  
KUA3A	   0.00003961	   0.00002794	   0.00001167	   79.78	   51.84	   91.45	   2.01	   2.86	   29.47	  
KUA3C/H1	   0.00007839	   0.0000548	   0.00002359	   163.45	   108.65	   187.04	   2.09	   2.98	   30.09	  
KUA3C/V1	   0.00008058	   0.00005575	   0.00002483	   167.35	   111.60	   192.18	   2.08	   3.00	   30.81	  
KUA3C	   0.00003064	   0.0000217	   0.00000894	   62.68	   40.98	   71.62	   2.05	   2.89	   29.19	  
KUA3C	   0.00003569	   0.00002566	   0.00001003	   72.31	   46.65	   82.34	   2.03	   2.82	   28.11	  
KUA3C	   0.00002767	   0.00001997	   0.00000770	   56.67	   36.70	   64.37	   2.05	   2.84	   27.83	  
KUA3C	   0.00002584	   0.00001926	   0.00000658	   55.12	   35.86	   61.70	   2.13	   2.86	   25.47	  
Lower	  unit	  
top	  
KUA02/H1	   0.00008023	   0.00006596	   0.00001427	   196.59	   130.63	   210.86	   2.45	   2.98	   17.79	  
KUA02/H2	   0.00007916	   0.00006493	   0.00001423	   191.51	   126.58	   205.74	   2.42	   2.95	   17.97	  
KUA02/V1	   0.00007779	   0.00005762	   0.00002017	   171.81	   114.19	   191.98	   2.21	   2.98	   25.93	  
KUA02/V3	   0.00008190	   0.00006427	   0.00001763	   192.23	   127.96	   209.86	   2.35	   2.99	   21.52	  
KUA02	   0.00001892	   0.0000153	   0.00000362	   44.60	   29.30	   48.22	   2.36	   2.92	   19.13	  
KUA02	   0.00002061	   0.00001704	   0.00000357	   47.62	   30.58	   51.19	   2.31	   2.79	   17.31	  
KUA02	   0.00001835	   0.00001496	   0.00000339	   41.45	   26.49	   44.84	   2.26	   2.77	  
18.46	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   Sample	  
Volume	  (m³)	  
Total	  
Volume	  (m³)	  
Solids	  
Volume	  (m³)	  
Voids	   Oven	  Dry	  
Saturated	  
under	  water	  
Saturated	  
surface-­‐dry	   Dry	   Particle	  
Effective	  
porosity	  %	  
Lower	  unit	  
top	  
KUA02	   0.00001985	   0.00001627	   0.00000358	   47.47	   31.20	   51.05	   2.39	   2.92	   18.02	  
KUA02	   0.00001844	   0.00001525	   0.00000319	   44.76	   29.51	   47.95	   2.43	   2.94	   17.32	  
KUA02	   0.00001742	   0.00001405	   0.00000337	   40.81	   26.76	   44.18	   2.34	   2.90	   19.32	  
KUA02	   0.00004978	   0.00004182	   0.00000796	   118.63	   76.81	   126.59	   2.38	   2.84	   15.99	  
KUA02	   0.00003517	   0.00002494	   0.00001023	   73.06	   48.12	   83.29	   2.08	   2.93	   29.09	  
KUA02	   0.00001839	   0.0000144	   0.00000399	   42.47	   28.07	   46.46	   2.31	   2.95	   21.68	  
KUA02	   0.00006118	   0.00005126	   0.00000992	   146.56	   95.30	   156.48	   2.40	   2.86	   16.21	  
KUA02	   0.00005279	   0.00004394	   0.00000885	   128.26	   84.32	   137.11	   2.43	   2.92	   16.76	  
KUA02	   0.00002216	   0.00001906	   0.00000310	   53.72	   34.66	   56.82	   2.42	   2.82	   14.00	  
KUA02	   0.00005558	   0.00004365	   0.00001193	   125.28	   81.63	   137.21	   2.25	   2.87	   21.47	  
KUA02	   0.00000725	   0.0000055	   0.00000175	   16.85	   11.35	   18.60	   2.32	   3.06	   24.12	  
Unit	  Core	  
KUA01/H1	   0.00007805	   0.00006828	   0.00000977	   206.06	   137.78	   215.83	   2.64	   3.02	   12.52	  
KUA01/V1	   0.00007890	   0.00006849	   0.00001041	   207.21	   138.72	   217.62	   2.63	   3.03	   13.19	  
KUA01/V2	   0.00007829	   0.00006791	   0.00001038	   205.68	   137.77	   216.06	   2.63	   3.03	   13.26	  
KUA01/V3	   0.00007471	   0.00006561	   0.00000910	   196.55	   130.94	   205.65	   2.63	   3.00	   12.18	  
KUA01	   0.00004653	   0.00004227	   0.00000426	   128.38	   86.11	   132.64	   2.76	   3.04	   9.16	  
KUA01	   0.00004114	   0.00003544	   0.00000570	   108.12	   72.68	   113.82	   2.63	   3.05	   13.86	  
KUA01	   0.00002156	   0.00001733	   0.00000423	   52.93	   35.60	   57.16	   2.45	   3.05	   19.63	  
KUA01	   0.00001867	   0.00001648	   0.00000219	   48.70	   32.22	   50.89	   2.61	   2.96	   11.71	  
KUA01	   0.00002623	   0.00002308	   0.00000315	   68.63	   45.55	   71.78	   2.62	   2.97	   12.02	  
KUA01	   0.00002005	   0.00001774	   0.00000231	   53.59	   35.85	   55.90	   2.67	   3.02	   11.54	  
Unit	  base	  
KUA04/H1	   0.00007510	   0.00006239	   0.00001271	   188.83	   126.44	   201.54	   2.51	   3.03	   16.92	  
KUA04/V2	   0.00008037	   0.00006752	   0.00001285	   203.67	   136.15	   216.52	   2.53	   3.02	   15.99	  
KUA04	   0.00003550	   0.00002981	   0.00000569	   90.80	   60.99	   96.49	   2.56	   3.05	   16.02	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Full	  results	  from	  UCS	  testing:	  	  
	  
Upper	  Unit	  Top:	  
	  
	  
Figure	  1.	  Compete	  stress-­‐strain,	  strain-­‐time	  and	  stress-­‐time	  plots	  for	  bedding-­‐perpendicular	  samples	  from	  the	  upper	  lava	  top	  component.	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Figure	  2.	  Compete	  stress-­‐strain,	  strain-­‐time	  and	  stress-­‐time	  plots	  for	  bedding-­‐perpendicular	  and	  -­‐parallel	  samples	  from	  the	  upper	  lava	  top	  component.	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  Figure	  3.	  Compete	  stress-­‐strain,	  strain-­‐time	  and	  stress-­‐time	  plots	  for	  bedding-­‐perpendicular	  and	  -­‐parallel	  samples	  from	  the	  upper	  lava	  top	  component.	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Lower	  Unit	  Top:
	  
	  
Figure	  4.	  Compete	  stress-­‐strain,	  strain-­‐time	  and	  stress-­‐time	  plots	  for	  bedding-­‐perpendicular	  and	  -­‐parallel	  samples	  from	  the	  lower	  lava	  top	  component.	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Unit	  Core
	  Figure	  5.	  Compete	  stress-­‐strain,	  strain-­‐time	  and	  stress-­‐time	  plots	  for	  bedding-­‐perpendicular	  and	  -­‐parallel	  samples	  from	  the	  lava	  core	  component.	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Unit	  Base	  
	  
	  	  
Figure	  6.	  Compete	  stress-­‐strain,	  strain-­‐time	  and	  stress-­‐time	  plots	  for	  bedding-­‐perpendicular	  and	  -­‐parallel	  samples	  from	  the	  lava	  base	  component.	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